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Hygrothermal Durability of Adhesively Bonded FRP/Steel Joints 
MOHSEN HESHMATI 
Department of Civil and Environmental Engineering 
Division of Structural Engineering 
Steel and Timber Structures 
Chalmers University of Technology 
ABSTRACT 
Fibre reinforced polymer (FRP) composites offer superior mechanical properties, such as 
specific strength and stiffness, corrosion resistance and light weight. Over the past four 
decades, FRPs have been increasingly used for strengthening and repair of bridge struc-
tures, and more recently, in the manufacture of whole/hybrid FRP bridges. In such 
applications, adhesive bonding is usually the preferred joining technique. Although, the 
short-term behaviour of FRP/steel bonded joints has been extensively studied, the subject 
of the durability has not been researched to the same degree. In addition, existing numerical 
and experimental approaches for the characterization of the durability of bonded FRP/steel 
joints have mainly been developed with reference to applications in the aerospace industry, 
where mechanical and environmental loads differ considerably compared with those in civil 
engineering applications. Today, uncertainties regarding the durability aspects of adhesively 
bonded FRP/steel joints used in bridges present a major obstacle to their growing applica-
tion. There is, therefore, a clear need for research work which focuses on the durability and 
long-term performance of bonded FRP/steel joints used in bridges. 
The lack of knowledge regarding the long-term performance is currently compensated by 
applying a multiple of large safety factors to the strength of composite materials, which 
dramatically increases the material usage and reduces the design efficiency. The aim of this 
research work is to shed some light on the durability and long-term performance of adhe-
sively bonded FRP/steel joints with emphasis on effect of hygrothermal ageing on 
mechanical behaviour of such joints. To realize this aim, experimental, numerical and ana-
lytical approaches are used. The work includes long-term experiments on double lap shear 
joints with different adherends subjected to various temperature ranges, humidity levels, 
and cyclic exposure scenarios. Complementary material characterization tests are also con-
ducted to study the moisture diffusion kinetics, and moisture dependent mechanical and 
fracture properties. The results are used as input in FE simulations to predict the moisture 
induced stress redistribution in the joints and the behaviour of the joints up to failure. 
The test results of hygrothermally aged joints indicate a clear change of failure mode 
from cohesive to interfacial or interlaminar failure. Even though all the joints exhibited 
increasing load-bearing capacity during the first six months, the failure load of specimens 
aged at higher temperatures started to degrade afterwards. Cohesive zone modelling ap-
proach was capable of accurately predicting the behaviour of the studied FRP/steel joints 
with different failure modes. The Fickian diffusion was found to yield accurate predictions 
for all tested materials. Moreover, the 3D moisture diffusion in orthotropic FRP composites 
was characterized and successfully modelled using FE mass diffusion analysis. The perme-
ability of adherends was found to significantly affect moisture ingression into the joints. 
The joint level experiments in combination with the coupled mass diffusion-mechanical 
analysis indicated the existence of a critical period after which the strength degradation is 
likely to occur. 
Keywords: Fibre reinforced polymer, durability, long-term performance, adhesively bonded 
FRP/steel joints, moisture diffusion, cohesive zone modelling  
 
ii
  
 
iii
 
 
 
 
 
 
 
 
To Parisa 
 
 
 
 
iv
  
 
v
PREFACE 
The work presented in this licentiate thesis explores the hygrothermal durability of adhe-
sively bonded FRP/steel joints used in bridge applications. The project was carried out at 
the Department of Civil and Environmental Engineering, Division of Structural Engineer-
ing, Steel and Timber Structures, Chalmers University of Technology from June 2012 until 
January 2015. The author wishes to express his gratitude to the Swedish Research Institute, 
FORMAS, for financing this project. 
I would like express my sincere gratitude to my supervisors, Prof. Mohammad Al-Emrani 
and Asst. Prof. Reza Haghani, for the trust they put in me, and also their encouragement, 
advice and valuable discussions throughout the study. Mohammad, it has been my privilege 
to work closely with you. I have enjoyed the opportunity to watch and learn from your 
knowledge and experience. Reza, you have been a tremendous mentor for me. I would like 
to thank you for encouraging my research and for allowing me to grow as a research scien-
tist. I would also like to thank my examiner Prof. Robert Kliger for all his good advice and 
continuous support. I also appreciate the co-operation with Alan André, PhD. Special 
thanks go to Mrs. Jeanette Kliger for reading and improving my papers.  
In my daily work I have been blessed with a friendly and cheerful group of colleagues at 
the Division of Structural Engineering. I would like to thank all my colleagues for their 
interest in my project and for stimulating discussions. Special thanks go to Thomas Lech-
ner, my office mate for several months. We had plenty of talks and critical discussions 
which I will always remind and appreciate. I would like to thank my very good friend Mo-
hammad Tahershamsi for his friendship, guidance, help and suggestions. I want to thank, 
as well, Farshid for his helpful discussions, and Poja for helping me to improve my Swedish. 
I am also grateful to the technical staff at Chalmers, Lars Wahlström, Marek Machowski 
and Sebastian Almfeldt, for their help and excellent work during the execution of tests. 
I offer my most sincere thanks to my family, specially my parents whose everlasting support 
and encouragement provided me valuable motivation. This work couldn’t have been done 
without patience and unconditional support and love from my wife, Parisa, whom I am 
deeply grateful to. Her encouragement, quiet patience and unwavering love were undeniably 
the bedrock upon which the past few years of my life have been built.  
 
Gothenburg, 2015 
Mohsen Heshmati 
  
 
vi
 
vii
LIST OF PUBLICATIONS 
This thesis is based on the work contained in the following papers: 
Paper I 
Heshmati M., Haghani R. and Al-Emrani M. (2014): Environmental Durability of Adhe-
sively Bonded FRP/steel Joints in Civil Engineering Applications: State-of-the-Art. 
Submitted for publication to Journal of Construction and Building Materials. 
Paper II 
Heshmati M., Haghani R. André A. and Al-Emrani M. (2014): Experimental Characterisa-
tion and Numerical Modelling of the Interfacial and Cohesive Failure in FRP/steel Joints 
Bonded with Thick Adhesive Layer. Submitted for publication to Journal of Construction 
and Building Materials. 
Paper III 
Heshmati M., Haghani R. and Al-Emrani M. (2015): Effects of Moisture on the Long-term 
Performance of Adhesively Bonded FRP/steel Joints in Bridges – an Experimental and 
Numerical study. Submitted for publication to Journal of Composite Structures. 
 
AUTHOR’S CONTRIBUTIONS TO JOINTLY PUBLISHED PAPERS 
The contribution of the author of this licentiate thesis to the appended papers is described 
here. 
 
I. Responsible for the writing and planning of the paper.  
 
II. Responsible for the writing and for the major part of the planning of the paper. 
Planned the major part and was partly responsible for the execution of the experi-
ments. 
 
III. Responsible for the writing and planning of the paper. Responsible for planning and 
the execution of the experiments. 
  
 
viii
ADDITIONAL PUBLICATIONS BY THE AUTHOR 
Journal Papers 
Aygül, M., Bokesjö, M., Heshmati, M., & Al-Emrani, M. (2013): A comparative study of 
different fatigue failure assessments of welded bridge details. International Journal of Fa-
tigue,2013, 49, 62-72. 
Haghani, R., Al-Emrani, M., & Heshmati, M. (2012): Fatigue-prone details in steel 
bridges. Buildings, 2014, 2(4), 456-476. 
Conference Papers 
Heshmati M., Haghani R. André A. and Al-Emrani M. (2014): Design of FRP/steel joints 
bonded with thick adhesive layers. Proc. of the Second Intl. Conf. on Advances in Civil 
and Structural Engineering - CSE 2014, Kuala Lumpur, Malaysia, 20-21 December 2014. 
Heshmati, M., Al-Emrani, M. (2012): Fatigue design of plated structures using structural 
hot spot stress approach. Proceedings of the Sixth International Conference on Bridge 
Maintenance, Safety and Management - IABMAS 2012, Stresa, Lake Maggiore, 8-12 July 
2012. p. 3146-3153. ISBN 978-041562124-3. 
Heshmati, M., Al-Emrani, M. and Edlund B. (2012):  Fatigue assessment of weld termina-
tions in welded cover-plate details; A comparison of local approaches. Nordic Steel 
Construction Conference, Oslo, Sept 5-7, 2012. p. 781-790. ISBN 978-82-91466-12-5. 
Master’s Thesis 
Heshmati, M. (2012): Fatigue life assessment of bridge details using finite element method. 
Master’s thesis, Chalmers University of Technology, 2012:3.  
 
ix
CONTENTS 
Abstract i 
Preface v 
List of publications vii 
Other publications related to the thesis viii 
Contents ix 
1  Introduction ................................................................................................................. 1 
1.1  Background .................................................................................................................. 1 
1.2  Aim and objectives ....................................................................................................... 3 
1.3  Method and scientific approach .................................................................................... 3 
1.4  Limitations ................................................................................................................... 4 
1.5  Outline of the thesis ..................................................................................................... 5 
2  Durability of adhesively bonded FRP/steel joints in the presence of moisture ........... 6 
2.1  Introduction ................................................................................................................. 6 
2.2  Effect of moisture on FRP composites ......................................................................... 6 
2.2.1  Effect of moisture on resin matrix ...................................................................... 7 
2.2.2  Effect of moisture on fibre/matrix interface ....................................................... 7 
2.2.3  Effect of moisture on fibres ................................................................................. 8 
2.2.4  Effect of moisture on mechanical properties of FRP composites ......................... 8 
2.2.5  Moisture diffusion kinetics in FRP composites ................................................... 9 
2.3  Effect of moisture on epoxy adhesive ......................................................................... 12 
2.3.1  Effect of moisture on mechanical properties of epoxies ..................................... 12 
2.3.2  Moisture diffusion kinetics in epoxy adhesives .................................................. 14 
2.4  Effects of moisture on adhesively bonded joints ......................................................... 16 
3  Overview of experimental programme ....................................................................... 17 
3.1  Materials .................................................................................................................... 17 
4  Material characterization tests ................................................................................... 19 
4.1  Dynamic mechanical analysis (DMA)......................................................................... 19 
4.2  Moisture diffusion characterization ............................................................................ 20 
4.2.1  Exposure scenarios and specimens .................................................................... 20 
4.2.2  Moisture diffusion into epoxy adhesive material ............................................... 21 
4.2.3  Moisture diffusion into FRP composites ........................................................... 25 
4.3  Mechanical properties of adhesive .............................................................................. 26 
4.4  Mechanical properties of FRP materials .................................................................... 31 
 
x
4.5  Fracture toughness of adhesive/steel joints ................................................................ 32 
4.6  Fracture toughness of FRP/adhesive joints ............................................................... 34 
5  Long-term durability tests of adhesively bonded FRP/steel joints ............................ 36 
5.1  Specimen configuration and manufacturing ................................................................ 36 
5.2  Exposure scenarios ..................................................................................................... 38 
5.3  Test setup and Results ............................................................................................... 40 
6  Overview of modelling scheme ................................................................................... 45 
7  Failure prediction of adhesively bonded FRP/steel joints using cohesive zone 
modelling: Paper II .................................................................................................... 47 
8  Coupled diffusion-mechanical finite element analysis: Paper III ................................ 49 
8.1  Mass diffusion analysis ............................................................................................... 49 
8.2  Sequentially coupled diffusion-mechanical analyses .................................................... 50 
9  Conclusions ................................................................................................................ 53 
9.1  General conclusions .................................................................................................... 53 
9.2  Suggestions for future research ................................................................................... 55 
References ........................................................................................................................ 56 
Appended papers 63 
Paper I I-0 
Paper II II-0 
Paper III III-0 
 
, Civil and Environmental Engineering 
 
1
Extended Summary 
 
1 Introduction 
1.1 Background 
The design life of many civil engineering structures is 50-100 years, yet of many bridges 
that were built in different parts of the world before the middle of the last century, the 
majority are still in service. According to a recent study [1], steel bridges account for a 
large stock of old European bridges that have reached or will soon reach the end of their 
service-life. As opposed to rebuilding these bridges, strengthening and retrofitting could be 
a more economical solution provided that conventional repair methods are replaced by more 
durable and cost-effective upgrading techniques [2]. 
Fibre reinforced polymer (FRP) composites were firstly introduced in aerospace industry 
during 1940s. Despite superior properties of FRPs in structural applications, high produc-
tion costs initially prevented their acceptance in extremely cost-driven and conservative 
construction industry. Nevertheless, continues growth of FRP industry lowered production 
costs, and FRP materials finally found their acceptance in construction industry during the 
late 1980s [3]. FRPs offer superior advantages over conventional construction materials 
such as steel, the most notable of which are their corrosion resistance, high strength-to-
weight ratio and light weight. With the advances in polymer science, adhesive bonding has 
become a prominent joining technology that possesses several advantages over mechanical 
fastening techniques, such as lower weight, less fabrication costs and more uniform stress 
distribution. The unique properties of FRP composites combined with advantages of adhe-
sive bonding, has made FRP bonding an attractive method for strengthening, repair and 
refurbishment of existing structures.   
In the past four decades, Carbon fibre-reinforced polymer, CFRP, laminates have been used 
in practice to strengthen and repair concrete structures [4]. In the past few years, there has 
been also a trend towards the use of FRP bonding technique to strengthen and repair of 
steel [5,6] and timber structures [7,8]. Moreover, FRP materials have found their way into 
whole- and partial-FRP structures, e.g. using FRP deck systems on steel girders for the 
construction of hybrid FRP bridges or the refurbishment of existing steel bridges. As a 
result, there is a great deal of interest in studying the behaviour of FRP/steel adhesive 
joints from the short- and long-term behaviour perspectives. 
One problem with application of FRP/steel joints in construction industry is uncertainties 
regarding the long-term performance of such joints. As in many other structures exposed 
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to outdoor environments, the effectiveness and success of adhesively-bonded FRP/steel 
joints in bridges is dependent on environmental durability of each and every constituent. 
In spite of the fact that existing FRP joints in bridges have exhibited acceptable outdoor 
performance with very seldom problems being reported in the literature, their relatively 
new application and lack of knowledge regarding their long-term performance and environ-
mental degradation mechanisms have hindered their widespread application in steel 
structures. This lack of knowledge is currently compensated by applying a multiple of large 
safety factors to the strength of composite materials, which dramatically increases the ma-
terial usage [5,9]. 
Concerns relating to the environmental durability of adhesive joints have manifested itself 
in recent research publications, in which understanding the underlying mechanisms of deg-
radation [10–12] and quantifying the long-term performance [13,14]	have been in focus. 
However, most of these research projects have been conducted within fields such as aero-
space and automobile industry that have distinct differences with civil engineering 
applications [15,16]. Loading type, curing conditions, operating environments, material 
production, joint geometry, and manufacturing conditions are some examples of the afore-
mentioned dissimilarities. In fact, there is still a lack of knowledge about the long-term 
performance of different adhesives and FRP composites (i.e. on material level) used in 
infrastructural applications. 
A common approach to investigate the long-term performance issues is to use accelerated 
testing scenarios. In such tests, usually very harsh cyclic scenarios are formulated to achieve 
high damage rate in a relatively short time. Nevertheless, due to the unrealistically severe 
applied conditions, these tests tend to exaggerate the degradation rate. Furthermore, the 
use of accelerating parameters such as high temperature, may activate damaging mecha-
nisms that may never happen during the life cycle of bridges. Hence, while the use of such 
conditions may be justifiable for automotive and aerospace industries, their validity for 
bridges and similar structures, with a much longer service life and less harsh exposure 
conditions, is doubtful. Another shortcoming of accelerated tests is the lack of time corre-
lation between the test and real service conditions, which makes it almost impossible to 
accurately predict the service life of bridges.  
With the improved computational capabilities in recent years, numerical methods have 
provided new possibilities to investigate complex issues such as the long-term performance 
more effectively. However, the results obtained from these methods need to be correlated 
and verified by observations and/or testing of structures in real conditions before they can 
be considered reliable. In addition, given the uncertainties regarding the long-term behav-
iour of bonded FRP joints in bridge structures, modelling the possible synergies between 
various damaging mechanisms becomes inherently cumbersome. Therefore, there is a strong 
need to develop accurate durability data and experimentally verified assessment approaches 
valid for adhesively bonded FRP/steel joints used in bridge applications. 
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1.2 Aim and objectives 
The overall aim of the project is to establish a framework for the long-term performance 
and durability assessment of adhesively bonded FRP/steel joints exposed to any combina-
tion of moisture and temperature (hygrothermal ageing). Within this overall aim, the 
following main objectives are defined and covered in this thesis: 
 To review the state-of-the-art on durability of FRP composites, structural adhesives 
and FRP/steel bonded joints used in bridge applications with the emphasis on iden-
tifying the influential environmental factors, damaging mechanisms, and collecting 
the available long-term performance data. 
 To study the behaviour of FRP/steel joints bonded with thick adhesive layer using 
advanced numerical approaches such as the damage mechanics approach. 
 To characterize the temperature and moisture dependent material properties and 
implement the outcome in the developed modelling basis. 
 To investigate how hygrothermal conditions affect the performance of adhesively 
bonded FRP/steel joints. 
Additional objectives that are not addressed in this thesis and will be investigated in the 
continuation of this project are: 
 To characterize the moisture, history (cyclic exposure) and combined moisture-tem-
perature dependent fracture properties of adhesive, adhesive/steel interface, and 
FRP bonded joints. 
 To investigate, characterize and predict the effect of sub-zero exposure conditions 
on mechanical properties of adhesively bonded joints 
 To predict the residual strength and behaviour of environmentally aged bonded 
joints exposed to hygrothermal conditions. 
1.3 Method and scientific approach 
Figure 1.1 shows the methodology that has been used to realize the overall aim of this 
project. As can be seen, the methodology is divided into two phases. It was intended to 
address the objectives of this thesis during the first phase, whereas the additional objectives 
will be addressed in the continuation of the project and during the second phase. 
In this context, both experimental and numerical tools were used. An extensive literature 
study was performed to obtain the state-of-the-art on durability of adhesively bonded 
FRP/steel joints used in civil engineering applications. Special consideration was given to 
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identifying the common long-term performance assessment approaches, possible synergies 
between various ageing factors, and the relevant experimental results. 
Based on the findings of the literature study, a series of experiments were designed to 
characterize the effect of hygrothermal ageing conditions on material and joint-level. Given 
that the aim of the project is to establish a methodology that can be applicable to any 
types of composites, adhesives, steel, etc., no attempt is made to compare different types 
of materials. Hence, only one type of each material is used in the experimental work. Fur-
thermore, the applicability of the cohesive zone modelling concept to predict the strength 
of bonded FRP/steel joints, with interfacial and/or cohesive failure modes, was investigated 
by means of 2D finite element (FE) analyses. In addition, coupled 3D FE analyses were 
performed to study the effects of moisture on the mechanical response of bonded FRP/steel 
joints. 
1.4 Limitations 
The work in this thesis involved studying the hygrothermal durability of adhesively bonded 
FRP/steel joints. The following limitations apply in this thesis: 
(1) Only one type of adhesive, steel, CFRP, and GFRP materials were considered, and 
therefore the results might not be applicable to other materials. 
(2) Only temperatures below the glass transition temperature of adhesive and above the 
room temperature were utilized. 
 
Figure 1.1. Method for the study. 
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(3) Only quasi-static loads were considered. 
(4) The interfacial moisture diffusion, creep and load-assisted diffusion were neglected 
in the mass diffusion finite element analyses. 
(5) Possible size-effects were not included. 
(6) Due to the time limitation, only some of the test results are presented in this thesis. 
However, the described experiments are ongoing and further results are expected to 
be obtained in the future. 
1.5 Outline of the thesis 
This thesis consists of an introductory section and three main papers. 
Chapter 2 introduces the durability of adhesively bonded FRP/steel joints in the presence 
of moisture by reporting the effects of moisture on FRP composites and epoxy adhesives. 
This knowledge is extended through Paper I which presents a review on hygrothermal 
durability of adhesively bonded FRP/steel joints. 
Chapter 3 provides an overview of the experimental programme as well as the materials. 
Different tests and environmental conditions are described 
Chapter 4 presents a detailed description of the tests aimed at material characterization. 
The results of the completed tests are presented and discussed. In addition, the planned 
tests are described. 
Chapter 5 introduces the long-term performance tests using double lap shear joints. The 
configuration of specimens, fabrication procedures, and exposure scenarios are described. 
Moreover, the test results on joints with CFRP adherend are presented and the findings 
are discussed. 
Chapter 6 provides an overview of the modelling scheme. The purpose of the used numerical 
modelling approaches as well as their relation to the rest of the study are explained. 
Chapter 7 and Paper II present the established characterization and modelling approach 
used to predict the strength and behaviour of bonded FRP/steel joints with thick adhesive 
layer. 
Chapter 8 and Paper III present the results of coupled finite element analyses used to study 
the effects of moisture on performance of adhesively bonded FRP/steel joints. 
In chapter 9, the main conclusions from this work are drawn and suggestions for the future 
work are given. 
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2 Durability of adhesively bonded FRP/steel 
joints in the presence of moisture 
2.1 Introduction 
Moisture is one of the most problematic substances when discussing environmental dura-
bility of adhesive joints with metallic adherend(s) [11]. Many civil engineering structures 
will inevitably be in direct contact with moisture during their lifetime. This is either due 
to the design considerations or location, or due to accidental or natural causes. Moisture, 
either as vapour, liquid water or de-icing salt solutions, can penetrate into adhesively 
bonded joints by diffusion through the adhesive layer, or wicking along the interfaces, or 
absorption through the porous adherend [17]. The penetrated moisture can affect joint 
mechanical properties through two principal mechanisms; (i) degradation of adhesive 
and/or adherends; (ii) degradation of adherend/adhesive interface(s) [18–21]. 
Depending on the polymer structure and chemical composition, the absorbed moisture can 
affect adhesive or FRP material properties in a reversible manner, such as plasticization, 
or in an irreversible manner, such as chemical or physical breakdown of bonds. However, 
as will be discussed later, low concentrations of water and subsequently a small amount of 
moisture-induced plasticization may actually be beneficial in some joints as studied in [22]. 
The absorbed moisture, can also attack the interface either by displacing the adhesive or 
hydrating the metal or metal oxide [19,22]. Despite the debasing effects of moisture on the 
strength of adhesive joints, there are indications of a critical relative humidity in the sur-
rounding air below which the weakening does not occur [23]. 
Moisture triggers different ageing mechanisms for each component of adhesively bonded 
FRP/steel joints. Therefore, in this section, the effects of moisture on FRP composts as the 
adherend, epoxy adhesive as the most frequent bonding material in construction sector, and 
eventually the overall FRP/steel bonded joint is discussed. 
2.2 Effect of moisture on FRP composites 
FRPs, like all organic polymers, are susceptible to moisture diffusion which can alter their 
thermo-physical, mechanical, and chemical characteristics. The ageing mechanisms of FRP 
composites in aqueous environments involve both chemical and physical aspects. Physical 
degradation, which is basically temperature dependent, may dramatically change material 
properties. However, these changes are reversible and will be recovered upon drying. Chem-
ical degradation is accompanied by irreversible material alteration in every constituent 
level, and is usually initiated upon longer exposure durations or harsher conditions. Mois-
ture can potentially attack FRP composites by one or a combination of the following 
mechanisms: (i) altering resin matrix; (ii) damaging fibre/matrix interface; (iii) fibre-level 
degradation. 
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2.2.1 Effect of moisture on resin matrix  
Moisture primarily affects the resin matrix. Various mechanisms of degradation for different 
types of resins, such as epoxy, polyester and vinyl-ester, are well documented. In general, 
moisture can alter resin by plasticization, swelling, cracking, hydrolysis, and fibre/matrix 
debonding [24–26]. Zhou and Lucas [27] studied the interaction of water molecules with 
epoxy resins. The study showed that depending on the required activation energy for de-
sorption, two types of bound water can be found in epoxy resins; Type I or Type II. Type 
I bound water is manifested by disrupting the weaker inter-chain Van der Waals forces and 
acts as plasticizer. On the other hand, Type II bound water is a product of strong hydrogen 
bonds between water molecules and resin network. The amount of Type II bound water, 
which is harder to remove and causes irreversible material changes, increases with higher 
temperature and longer exposure time. They also showed in [28] that Type I bound water 
softens the adhesive and lowers glass transition temperature (Tg). This behaviour has been 
observed by many other researchers as well (e.g. [25,29–32]). However, type II bound water 
was shown to lessen the extent of Tg depression in water saturated epoxy resins [28]. Correia 
[32] tested GFRP pultruded profiles with different resins in various environments and found 
two competing mechanisms responsible for Tg variation; plasticization mechanisms that 
tend to reduce Tg, and resin post-curing that was found to offset this effect. 
2.2.2 Effect of moisture on fibre/matrix interface 
Moisture can also wick along fibre/matrix interface, leading to formation of micro-cracks, 
and thereby loss of integrity [24,33–35]. Bradley and Garant [36] suggest that upon moisture 
sorption, the chemical bonding strength is initially reduced at the interface. Secondly, ma-
trix subsequent swelling relaxes the existing residual stresses along the fibre/matrix 
interface, thereby deteriorating interfacial shear strength. The formed micro-cracks also act 
as new routes for moisture diffusion and accelerate damage growth [33]. Besides, the local-
ized and separate micro-cracks were shown to coalesce and extend as a result of exposure 
to cyclic ambient environment [37]. 
Figure 2.1.  Fibre pitting after immersion in water
at 60 °C for 18 months [38] 
 
 
Figure 2.2. E-Glass fibre level degradation 
[39]
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2.2.3 Effect of moisture on fibres 
FRPs can also undergo degradation at the fibre level. In the case of glass fibres, moisture 
extracts ions from fibres, which can combine with water and serve as bases for etching and 
pitting of the altered fibre surface, see Figure 2.1 [38]. Upon longer exposures, damage 
growth of fibres continues through stress-corrosion mechanisms and cracking of the fibres, 
see Figure 2.2 [39]. Aramid fibres absorb moisture leading to accelerated fibrillation [16]. 
Carbon is chemically stable at normal temperatures and does not react with water or salts 
contained in sea water. However, similar to aramid and glass fibres, the carbon fibre/matrix 
interface can be degraded [40,41]. 
2.2.4 Effect of moisture on mechanical properties of FRP composites 
The deterioration usually starts at the outer surface and depends on a number of factors 
such as manufacturing method, degree of cure, nature of surface finish and service environ-
ment [35,42]. Therefore, an additional surface coating is usually recommended to prevent 
micro-cracks at the surface. Extensive studies have investigated the effect of moisture on 
strength of FRP composite materials. While transverse properties, such as shear strength, 
is generally reported to undergo higher degradation levels, fibre-dominated properties, such 
as axial strength, are negligibly degraded in most cases [41]. Karbhari [24] predicts a negli-
gible modulus change of the order of 10% over a period of 10-15 years for FRPs used in 
civil engineering applications. Immersion of high strength CFRP laminates in water at room 
temperature revealed an initial drop of 25-30% in tensile strength during first month of 
exposure, and remained constant during the rest of exposure period [43]. A decreasing trend 
for transverse tensile strength and increasing-decreasing behaviour for in-plane shear 
strength during the six-month exposure period was also observed, see Figure 2.3. It is also 
important to note that the degradation magnitude of mechanical properties becomes much 
larger when the interface or fibres are attacked. A study on the effect of moisture on bending 
strength of pultruded GFRP laminates showed 38% reduction for samples with damaged 
glass fibre/resin interface. The reduction was less than 20% for samples without apparent 
fibre/matrix failure [35]. 
Figure 2.3. Load vs. Displacement curves for dry and conditioned CFRP laminates; (a) 0°, (b) 90°
and (c) ±45° unidirectional laminates, after [43]. 
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Experiments conducted by Scott and Lees [44] on dry and wet CFRP rods revealed that 
saturated CFRP tendons are likely to exhibit a reduced shear stiffness. However, the ulti-
mate strength appeared to be fibre-dominated and was therefore less susceptible to 
reductions due to solution uptake effects. Gibbins and Hoffman [45] noted 20% reduction 
in shear strength after 121 days exposure of 2–3 mm thick laminates to 95% relative hu-
midity at room temperature, whereas exposure of laminates to boiling water for 50 days 
resulted in a 40% reduction in the interlaminar shear strength (ILSS) [46]. Zhang and 
Mason [47] found that exposing 2.4 mm thick carbon fibre reinforced epoxy laminates to 
distilled water and synthetic sea water solution for 30 days at room temperature caused 
reductions of 6% and 10% in the ILSS, respectively. Akepati et al. [48] also found moisture 
playing a very significant role in the degradation of ILSS of carbon/epoxy composites. 
Similar behaviour has been also observed by others (e.g. [49–51]). However, Fourier trans-
form infrared spectroscopy (FTIR) experiments have revealed that such degradations are 
to large extent due to physical phenomena such as plasticization of the polymeric matrix 
[32,52]. 
2.2.5 Moisture diffusion kinetics in FRP composites 
Liao et al. [53] reviewed the durability of composites with particular attention paid to the 
materials of most interest for infrastructure applications. They concluded that the rate of 
degradation is in direct correlation with the rate of moisture sorption. Therefore, it is nec-
essary for any long-term performance study to fully understand the mechanisms of moisture 
diffusion in these materials. 
Moisture penetrates into composite materials by three different mechanisms [54,55]: (i) 
diffusion in polymer by transport of water molecules in holes of the polymer matrix via 
random molecular motion, (ii) capillary transport of water molecules along the fibre/matrix 
interface, (iii) moisture penetration into polymer matrix through micro-cracks and voids. 
The diffusion behaviour in amorphous polymers, which are commonly used in structural 
applications, was categorized into three classifications by Chin et al. [56]: (i) Fickian; (ii) 
swelling dependent; (iii) non-Fickian. 
In many investigations, the Fickian diffusion is commonly adapted to predict moisture 
diffusion in composites. However, due to large variety of composite materials as well as 
larger diversity in exposure conditions, such as levels of relative humidity, temperature, 
and solutions, the literature thrives with data and analysis that report other sorption be-
haviours in polymeric composites. The most frequent deviations from the classical Fickian 
diffusion are illustrated in Figure 2.4 [57]. In this figure, curve LF corresponds to a Linear 
Fickian behaviour, while curves A and B represent a continuous gradual weight increase, 
and a two-stage diffusion due to relaxation effects [58], respectively. These moisture diffu-
sion profiles generally lead to plasticization of composite, and are associated with reversible 
changes in material properties upon drying. Nevertheless, curves C and D represent irre-
versible degradation of the material due to damage growth such as fibre/matrix debonding, 
see Figure 2.5, and physical or chemical breakdown such as hydrolysis, respectively. 
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Although investigations on moisture diffusion in fibre-reinforced composites used in civil 
engineering applications are very limited, the available data suggests Fickian behaviour 
(curves LF, A and B) up to saturation. However, after reaching saturation, a non-Fickian 
behaviour with weight-loss or regain (curves D and C) is usually observed, irrespective of 
resin type [24,40,59,60]. A Langmuir-type model has also been shown to fit the dual-stage 
diffusion data from a series of glass/vinyl-ester laminate systems immersed in deionized 
water at various temperatures [38]. Moreover, the results of an inverse analysis approach 
showed that while the diffusivity is highly dependent on temperature, the maximum mois-
ture content mainly depends on relative humidity [61]. 
Prolonged exposure of FRP composites to humidity at high temperatures has shown to 
cause material weight loss. The weight loss in polyester systems is mainly due to hydrolysis 
and resin dissolution [25], whereas the mass loss of vinyl-ester systems is attributed to the 
leaching of low-molecular-weight elements [39,62]. In addition, Weitsman [33] presented 
cyclic exposure data for various composites exposed to ambient fluid environments. He 
noted an increasing divergence of the classical predictions from the experimental data with 
increasing number of cycles. It was postulated that the observed disparity stems from mois-
ture-induced damage at fibre/matrix interface and was explained by a combined 
damage/diffusion model. The diffusion kinetics in FRP composites also depends on the 
orientation of fibres. Raha and Ranganathaiah [63] studied the diffusion kinetics in 
epoxy/glass (0°) and (45°) fibre oriented composites that resulted in change of diffusion 
mode from curve LF to curve B, respectively. Pierron et al. [64] also noticed an extremely 
larger diffusion rate along the fibre direction than that in transverse to the fibre direction, 
which was attributed to the preferential path-way for moisture provided by fibre/matrix 
interface. The existence of voids can also significantly increase the mass uptake in FRP 
composites. Thomason [65] showed that the presence of only 1% voids, can double moisture 
Figure 2.4. The most frequent moisture uptake be-
haviours in polymers and composites, 
after [57] (Slightly modified) 
 
Figure 2.5. Moisture-induced debonding 
at the fibre/matrix interface, after [57] 
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uptake as compared to a void-free GFRP composite. As a result, larger strength reductions 
with increasing voids has been witnessed in several studies [29,66]. 
FRP structures in civil engineering applications can also be exposed to de-icing salt solu-
tions or salt water. Robert et al. [67] immersed glass fibre reinforced polypropylene 
thermoplastic composite laminates (PP/Glass) in  tap water and salt solution at various 
temperatures. It was observed that for a given immersion time, the salt solution absorption 
was generally lower than that of tap water. However, immersion in a salt solution had a 
greater effect on flexural properties than immersion in tap water. Microscopic pictures in-
dicated that the NaCl solution significantly affects the composite by degrading the 
fibre/matrix interface [30]. Lower moisture uptake and slightly larger degradation in sea 
water solutions than in distilled water was also found by other researchers for various 
polyester, vinyl ester and epoxy composites [30,36,40,68,69]. Nevertheless, Davies et al. [69] 
noted that while permanent damage was induced in the polyester composites after 18 
months of water immersion, the epoxy and vinyl-ester shear properties were much less 
affected by ageing and were largely recovered after drying. The larger degradation of poly-
ester composites in seawater is attributed to hydrolysis of polymer matrix and fibre/matrix 
interface, and can be alleviated by using vinyl-ester or epoxy-based composites [70]. 
Nanoparticles have been recently used to improve durability of FRP composites by lowering 
polymer permeability and thus moisture ingress [71–75]. Although the effectiveness of these 
materials is approved, their utilization in construction industry is expensive and is only 
limited to very special cases [4]. 
The moisture uptake characteristics of various epoxy-based FRP composites fabricated by 
wet-layup process and adhesive bonding through prefabrication are presented in Table 2.1. 
As can be seen, in the case of prefabricated systems, the maximum moisture uptake (Mmax) 
is significantly lower than the obtained levels in the wet-layup based systems. This is mainly 
Table 2.1. Moisture uptake characteristics of various epoxy-based unidirectional FRP composite 
systems for civil engineering applications 
Composite system Process Fibre  
volume[%]
Distilled water 23 °C Salt water 23 °C  Distilled water 38 °C
Mmax[%] Dc[mm2/s] Mmax[%] Dc[mm2/s]  Mmax[%] Dc[mm2/s]
E-Glass/epoxy1 WL1 28 3.07 4.26E-8 2.86 3.09E-8  3.77 7.25E-8
Carbon1/epoxy1 WL 33 2.80 2.62E-8 2.66 2.29E-8  3.62 5.20E-8
Carbon2/epoxy2 WL 27 1.40 3.00E-8 1.06 4.45E-8  1.38 1.46E-7
Carbon2/epoxy3 WL 32 2.42 4.13E-8 1.83 3.09E-8  2.06 2.91E-7
Carbon3/epoxy4 WL 29 2.01 3.77E-8 1.73 3.57E-8  2.14 8.03E-8
Carbon4/epoxy5 WL 26 2.51 2.08E-8 2.37 3.05E-8  2.81 6.93E-8
Carbon4/epoxy5 WL 34 3.08 2.45E-8 3.29 2.95E-8  3.32 7.02E-8
Prefabricated CFRP1 AB2 62 0.52 8.77E-9 0.36 7.15E-9  0.55 2.26E-8
Prefabricated CFRP2 AB 61 0.30 5.18E-9 0.31 5.74E-9  0.34 3.69E-8
Prefabricated CFRP3 AB 69 1.09 7.67E-9 0.55 5.38E-9  1.56 3.49E-8
1Wet Layup 
2Adhesive Bonding through prefabrication 
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due to the higher fibre volume fractions as well as the use of elevated cure regimes during 
fabrication. It is also apparent that the system with glass fibres exhibit higher diffusivity 
(Dc) and maximum moisture content as compared to the similar system with carbon fibres. 
Further details as well as mechanical degradation levels of the investigated composite sys-
tems can be found in [76]. 
2.3 Effect of moisture on epoxy adhesive 
Due to the ability of epoxy adhesives to cure at room temperature, they are commonly 
preferred to other resins in civil engineering applications [77]. In addition, curing of epoxy 
adhesives is accompanied by low shrinkage which is advantageous for the case of metallic 
substrates	[78]. However, standard epoxy formulations are highly susceptible to moisture 
absorption and can absorb moisture between 1 to 7 percent of their weight	[79]. 
2.3.1 Effect of moisture on mechanical properties of epoxies 
The diffused water through adhesive is the primary route of moisture ingression in adhe-
sively bonded joints. Having gained access, water can weaken adhesive by one or a 
combination of the following mechanisms: 
 Altering adhesive in a reversible manner, e.g. plasticization; 
 Irreversibly altering adhesive, e.g. hydrolysis, cracking or crazing 
 Additional stresses induced by swelling of adhesive. 
The high moisture absorption susceptibility of epoxy adhesives stems from epoxy surface 
topology [80] and resin polarity [81]. Soles et al. [80] found that moisture initially penetrates 
into the epoxy structure through the inherent nanovoids of the epoxy surface topology, 
which vary from 5.0 to 6.1 Å in diameter. Water molecules have an average diameter of 
3.0 Å and can easily enter epoxies. The resin polarity of epoxies is due to the presence of 
hydrophilic groups that attract highly polar water molecules through hydrogen bonding. 
The adsorbed moisture interrupts the molecular chain of polymers and results in degrada-
tion of mechanical properties based on moisture concentration. On the one hand, the 
moisture induced plasticization causes depression of glass transition temperature 
(e.g. [82,83]). This is primarily important for cold cured adhesives that have generally glass 
transition temperatures less than 60 °C in the dried stage [84]. Hence, further depression of 
Tg makes it closer to normal service temperatures in some environments, and endangers 
the joint overall stability. On the other hand, the expansion forces exerted by moisture 
while stretching polymeric chains creates differential strains that result in swelling [85,86]. 
For the case of adhesively bonded joints where the adhesive is sandwiched between two 
substrates, swelling will lead to internal residual stresses [87]. A linear relation between 
swelling and moisture content has been observed by many researchers for various adhesive 
systems [88]. 
The modulus and strength of polymer adhesives is also known to deteriorate as a conse-
quence of moisture-induced plasticization [77,89–96]. Typical stress-strain curves for dog-
, Civil and Environmental Engineering 
 
13
bone adhesive samples, before and after exposure to humid environments, are schematically 
depicted in Figure 2.6. Knox and Cowling [21] found that under laboratory ageing conditions 
(30 °C, 100% relative humidity), the strength and modulus of bulk adhesive samples de-
graded by 20% and 10%, respectively. Nguyen et al. [89] found more significant degradation 
of a different epoxy adhesive as a result of exposure to 20 °C and 50 °C seawater, where 
the stiffness reduced to 65% and 45% of the initial value, respectively. Lapique and Redford 
[97] also noted increased maximum strain and ductility of aged adhesives. Bordes et al. [98] 
plotted the adhesive modulus as a function of moisture content and found a direct correla-
tion between them without any clear influence from ageing environment or solution, see 
Figure 2.7. Moreover, Lin and Chen [99] conducted a series of cyclic hygrothermal ageing 
tests on an epoxy adhesive, and observed that the elastic modulus reduction of the satu-
rated, desorbed, and re-saturated group samples are 29.45, 8.92 and 41.5%, respectively, 
compared to the unaged group samples. This observation could be attributed to the in-
creased plasticization effect with hygrothermal history. Roy et al. [100] investigated the 
reversibility of these effects and observed that drying epoxy adhesive samples aged at 40 
°C in water not only restores the 20% drop in tensile modulus, but also would cease the 
plasticity. They suggest that water extracts additives that plasticize the epoxy resin and 
this property of adhesive is lost after cyclic moisture exposure. 
Due to the increased ductility and enhanced crack-tip blunting mechanisms, the fracture 
toughness of adhesives generally increases with absorbed water [77,101]. However, many 
studies have shown that cohesive strength of adhesives drops with increasing moisture con-
tent (e.g. [23,102,103]), see Figure 2.8. Johnson and Butkus [103] found a reduction of 70 
percent in mode I fracture toughness of an epoxy adhesive upon exposure to hot/wet con-
ditions. In another study, Loh et al. [104] noted steady reduction of mechanical and fracture 
properties of an epoxy adhesive with increasing moisture content. As the samples were aged 
at different humidity levels and exposure times, it was also concluded that these properties 
depend solely on moisture content. In the case of cyclic hygrothermal exposure tests, frac-
tographic analysis revealed that the absorbed moisture can change the fracture mechanisms 
 
Figure 2.6. Typical effect of moisture on ten-
sile response of adhesives 
Figure 2.7. Modulus attenuation versus water 
content; DW (deionized water) and SW (salt 
water), after [98] 
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of the polymer from brittle to ductile for the unaged and saturated specimens [99]. The 
authors reported a re-transform of fracture mechanisms from ductile to brittle after drying 
of saturated specimens. 
2.3.2 Moisture diffusion kinetics in epoxy adhesives 
The diffusion process in adhesives is similar to that for polymer matrices in FRPs. The 
moisture uptake depends on solution concentration, time, sheet thickness, and temperature. 
It has been shown for various adhesives that the rate of diffusion follows Fick’s first law 
[105], see Figure 2.9. However, anomalous diffusion behaviour after the initial moisture up-
take has been reported for some adhesives at temperatures below Tg [60,98,106,107]. Several 
models have been proposed to predict such behaviour, including dual Fickian (relaxation-
dependent) [108,109], delayed dual Fickian [110], concentration-dependent [111], time-de-
pendent [112], and Langmuir model [58,113]. Glaskova et al. [112] investigated the accuracy 
of a number of these models for a selected epoxy and found the Langmuir and dual Fickian 
models to be particularly accurate. Furthermore, Mubashar et al. [114] studied the cyclic 
moisture behaviour in an epoxy adhesive and observed that while the sorption process was 
non-Fickian, the desorption was Fickian. Other studies have also shown faster desorption 
and re-sorption processes in the case of cyclic moisture exposure [99,110,114]. Therefore, for 
a more accurate moisture profile prediction in adhesive joints, it is essential to consider 
history-dependent parameters of moisture-uptake data. It is noteworthy that despite dif-
ferent observations regarding moisture uptake profiles in adhesive samples, it is well 
accepted that higher temperatures accelerate diffusion, while saturation moisture content 
depends on humidity content and solution type. 
Immersion of epoxies in salt water solutions generally results in lower saturation moisture 
content than distilled water [56]. However, some researchers have found an opposite trend 
[115] or similar diffusivity for both cases [113]. As the literature is inconclusive, the presence 
of salt in an aqueous exposure environment could either increase or decrease the rate of 
Figure 2.8.  Moisture dependent tripping traction 
and fracture energy, after [102] 
Figure 2.9.  Theoretical absorption curve and 
one-dimensional Fickian diffusion parameters 
[105] 
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uptake and equilibrium moisture content, depending on solution concentration, chemistry 
of epoxy, cure state, and exposure temperature. 
The moisture uptake data for a number of common structural adhesives used in civil engi-
neering applications are collected in Table 2.2. Such data are usually obtained by 
gravimetric tests which are based on periodic measurements of the weight of immersed 
adhesive films. 
Table 2.2. Moisture uptake data for a number of common structural adhesives in civil engineering 
applications 
Adhesive Exposure environment Diffusion behaviour Initial Dc [mm2/s] Mmax [%]
Sikadur 30: Two-part epoxy 
adhesive [76] 
23 °C Deionized water Dual Fickian 3.41×10-8 0.98
23 °C Sea water Dual Fickian 6.15×10-8 0.29
37.8 °C Deionized water Dual Fickian 1.12×10-7 2.17
60 °C Deionized water Sigmoidal 4.59×10-7 6.83
SCCI: Epoxy adhesive [76] 23 °C Deionized water Dual Fickian 4.19×10-8 3.00
23 °C Sea water Dual Fickian 4.59×10-8 3.00
37.8 °C Deionized water Dual Fickian 1.82×10-7 2.70
60 °C Deionized water Sigmoidal 8.97×10-7 2.20
FYFE: Solids filled epoxy 
adhesive [76] 
23 °C Deionized water Dual Fickian 4.80×10-7 2.91
23 °C Sea water Dual Fickian 2.32×10-7 2.24
37.8 °C Deionized water Dual Fickian 1.48×10-6 5.34
60 °C Deionized water Sigmoidal 1.19×10-5 26.4
FYFE: Two-part epoxy ad-
hesive [76] 
23 °C Deionized water Dual Fickian 6.69×10-8 2.44
23 °C Sea water Dual Fickian 5.63×10-8 2.20
37.8 °C Deionized water Dual Fickian 1.84×10-7 2.52
60 °C Deionized water Sigmoidal 9.92×10-7 2.19
Araldite 420: Two-part 
epoxy adhesive [89] 
20 °C Sea water Linear Fickian 3.43×10-8 3.86
50 °C Sea water Linear Fickian 2.07×10-7 5.94
Araldite 2015: Two-part 
epoxy adhesive [98] 
20 °C Deionized water Linear Fickian 4.69×10-8 7.00
20 °C Sea water Dual Fickian 8.02×10-8 4.45
40 °C Deionized water Linear Fickian 2.20×10-7 8.00
60 °C Deionized water Dual Fickian 1.15×10-6 8.43
60 °C Sea water Dual Fickian 1.38×10-6 4.60 
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2.4 Effects of moisture on adhesively bonded joints 
In addition to the durability aspects of FRP and adhesive, the stability of the interface 
between adhesive and substrate is a crucial factor regarding the long-term performance of 
bonded FRP/steel joints [19]. On the one hand, the interfacial moisture diffusion is known 
to occur at much faster rates compared with the diffusion through the adhesive [116,92,117–
122]. On the other hand, the interfacial adhesion between steel substrates and adhesives 
are categorized as unstable in the presence of moisture [123]. Additional factors that may 
accelerate degradation of the interface are cathodic corrosion, galvanic corrosion and poor 
surface treatment. Unfortunately, all of the abovementioned factors are very complex phe-
nomena that are not fully understood to date [124]. 
Due to the moisture permeability of FRP composites, a shorter moisture diffusion path is 
provided through the surface of adherends to the interface. This phenomenon is not broadly 
investigated as the majority of the available research are mainly conducted within fields 
such as aerospace and automobile industry where aluminium is the most commonly used 
adherend. Recently, a comparison between the moisture content of adhesive joints with 
permeable and impermeable adherends has been performed by Hua et al. [125] where a 
significant increase in the moisture content is found for the former case. 
Another common observation is a shift of failure locus to at or near the adhesive/steel 
interface, or to the FRP adherend. The mechanisms that lead to such behaviours are ad-
hesive/steel bond disruption and interlaminar shear strength degradation of FRP 
composites, respectively. These mechanisms along with the most recent long-term perfor-
mance tests on adhesively bonded FRP/steel joints used in civil engineering applications 
are thoroughly discussed in Paper I. 
Despite the commonly reported deleterious effects of moisture on strength of bonded joints, 
there has been evidence that small amounts of moisture can be beneficial in joints with 
stable adhesive/steel bonds [126–128]. The reason is that the plasticized adhesive distributes 
stresses over a larger area in the joint that would in turn decrease the peak stresses. This 
behaviour is investigated in Paper III. 
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3 Overview of experimental programme 
Figure 3.1 shows the flowchart of the experimental programme presented in this thesis. To 
address the aims of the study, the experimental programme is divided into two main 
branches:  
(1) experiments aimed at characterizing the environmental effects at material-level,  
(2) long-term performance experiments aimed at studying the behaviour of environ-
mentally aged joints.  
The material characterization tests are designed to obtain moisture diffusion as well as 
environmentally dependent mechanical properties of the materials used to fabricate bonded 
FRP/steel joints. Standard gravimetric measurements were modified and used to obtain 
1D and 3D diffusion characteristics. Tensile and fracture properties were also obtained by 
testing material coupons and fracture-mechanics bonded configurations, respectively. The 
outcome of these tests serves as the input data for the numerical analysis. The long-term 
performance experiments include adhesively bonded CFRP/steel and GFRP/steel double 
lap shear joints. In addition to providing valuable information about the degradation mech-
anism in a joint-level, these tests will be used to verify the numerical analysis. 
In order to find the contribution of different environmental factors and possible synergies, 
the following exposure scenarios were planned: (i) water immersion vs. high relative humid-
ity levels, (ii) exposure to de-icing salt solutions likely to occur in bridges, (iii) temperature 
as an accelerating factor as opposed to ambient temperature conditions, (iv) cyclic wet/dry 
exposure scenarios, (v) freeze/thaw cycles in the presence of moisture, (vi) freeze/thaw 
cycles in dry conditions. The experiments under the exposure conditions (i) to (iv) are 
ongoing, whereas the freeze/thaw exposures will be performed in the continuation of the 
project. 
3.1 Materials 
Four materials were utilized in this study: epoxy adhesive, GFRP laminate, CFRP laminate 
and normal strength carbon steel (S355). The used adhesive is a commercial two part 
structural epoxy adhesive, STO® BPE Lim 567 that is used in structural applications. This 
epoxy is one of the few commercially available structural adhesives that is described com-
patible with steel. The GFRP material was manufactured by pultrusion process and cut 
from the ASSET FRP bridge deck elements produced by Fiberline Composites®. The 
GFRP laminates were supplied as rectangular plates with the nominal dimensions equiva-
lent to 50×400×10 [mm] (width × length × thickness). Pultruded unidirectional normal-
strength CFRP laminates were manufactured by Mostostal® with a nominal thickness of 
1.25 mm and width of 50 mm.  
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4 Material characterization tests 
4.1 Dynamic mechanical analysis (DMA) 
The glass transition temperature of adhesive is an important parameter that has to be 
taken into account prior to designing environmental exposure scenarios. It is recommended 
in [129] and [130] to limit the maximum exposure temperature to 5-15 °C below Tg. 
DMA is a powerful tool to investigate the temperature effects on material stiffness. For 
viscoelastic materials, such as polymers, the temperature at which material stiffness drops 
significantly (Tg) is of interest and can be obtained by means of DMA analysis. The com-
mon procedure involves dynamic loading of specimen within the material elastic region 
while the temperature is increased. During the dynamic loading, a sinusoidal stress is ap-
plied to the material and a resultant sinusoidal strain as well as a phase difference (δ) are 
measured. For viscoelastic materials, the modulus can be divided into an elastic component, 
storage modulus (Eʹ ), and a viscous component, loss modulus (Eʹʹ ). Storage modulus is 
related to specimen’s stiffness and is the pertinent parameter to be studied when change of 
material’s elastic stiffness with increasing temperature is of interest. The tangent of phase 
difference, tan(δ), is another common parameter that is commonly used to get the relation-
ship between the elastic and inelastic components. 
In this study, the Tg of the used epoxy adhesive was measured using DMA analysis. To 
prepare the specimens, adhesive was mixed and casted into a square moulding form with a 
thickness of 1 mm. After it was fully cured, three specimens with the average dimensions 
of 13.5 × 6.3 (mm) were cut from the plate. The DMA tests were carried out on three 
epoxy adhesive specimens using a TA Instruments® DMA Q800 machine, see Figure 4.1. 
The oscillatory strain amplitude of 0.01 % was applied at a frequency of 1 Hz on a tensile 
setup while the sample were heated up at a rate of 2 °C/min from 25 °C to 100 °C. The 
(a) 
 
(b) 
Figure 4.1. DMA tests: (a) Q800 machine; (b) specimen setup inside furnace. 
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average results for all specimens are plotted in Figure 4.2. It can be seen that the onset of 
storage modulus loss is at 55 °C, while the peak of tan(δ) is found at 65 °C. Although both 
of these values can be interpreted as Tg of adhesive, the former is more meaningful in a 
mechanical sense. Thus, Tg = 55 °C was considered for the adhesive, and the exposure 
scenarios were designed accordingly. 
4.2 Moisture diffusion characterization 
4.2.1 Exposure scenarios and specimens 
Table 4.1 lists the exposure scenarios that were utilized to obtain the moisture diffusion 
characteristics of the used adhesive and FRP composites. In addition, the following aspects 
were also investigated: (i) the effect of increasing temperature, as an accelerating factor, on 
diffusion kinetics; (ii) the effect of salt water solutions that are expected in bridge environ-
ments; (iii) the comparison of immersion versus high relative humidity levels on diffusion 
behaviour; (iv) the effect of cyclic exposure conditions. 
 
Figure 4.2. DMA test results for STO BPE lim 567 adhesive. 
Table 4.1. Exposure scenarios utilized in the diffusion characterization tests. 
Temperature Humidity level Solution ID 
45 °C Immersion 5% NaCl 45 SW 
45 °C Cyclic Immersion/Drying 5% NaCl 45 SW-CY 
45 °C Immersion Distilled Water 45 DW 
45 °C Cyclic Immersion/Drying Distilled Water 45 DW-CY 
45 °C 95% Relative Humidity Distilled Water 45 RH 
45 °C Cyclic 95% RH/Drying Distilled Water 45 RH-CY 
20 °C Immersion 5% NaCl 20 SW 
20 °C Immersion Distilled water 20 DW 
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Schematics of the specimens used for gravimetric measurements are illustrated in Figure 
4.3. Three replicas were included for each ageing condition. As can be seen, the GFRP and 
CFRP specimens were cut from prefabricated laminates provided by the manufacturers. 
Water jet cutting technique was used to cut the specimens into pieces to minimize the 
plausible mechanical and thermal damages caused by other cutting methods. As the GFRP 
material is orthotropic, additional specimens were included to characterize the moisture 
diffusion in all three dimensions. A GFRP block configuration was also included to verify 
3D mass diffusion analysis discussed in Section 8. The thickness of the provided CFRP 
laminate is considerably smaller than its other dimensions, and thus, one-dimensional dif-
fusion can be considered.  
The adhesive specimens were manufactured by casting epoxy into Teflon moulds and curing 
them for one week in the room environment. Moreover, an additional series were included 
to investigate the effects of fast curing on moisture diffusion behaviour of adhesive. These 
series were cured in an oven at 60 °C for 48 hours and are identified with “FC” suffix. More 
information about the specimen manufacturing and measurement procedures can be found 
in Paper III. 
4.2.2 Moisture diffusion into epoxy adhesive material 
Once the specified curing time was reached, the epoxy adhesive specimens were first 
weighted and then directly exposed to the aforementioned exposure scenarios. It should be 
mentioned that the specimens that had been left in the room environments to cure were 
not dried prior to exposure to reproduce in-service conditions. The gravimetric measure-
ments were performed periodically for up to a year according to ASTM D5229/D5229M-14 
Figure 4.3. Schematics of specimens used in the gravimetric measurements 
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[131]. In case of cyclic exposure scenarios, the specimens were removed from the exposure 
conditions upon reaching saturation and stored in an oven at 45 °C to dry. The saturation 
level is defined as when the average moisture content of the material changes by less than 
0.020 % over two consecutive reference time period spans. During the drying cycle, the 
periodic weight measurements were continued. 
The moisture uptake data for epoxy adhesive specimens after one year of exposure to con-
stant conditions are plotted in Figure 4.4. The best Fickian fit of the experimental data are 
plotted with lines for which the derived coefficients will be used in the mass diffusion sim-
ulations (Section 8 and Paper III). As can be seen, the moisture diffusion rate (initial linear 
slope of the curves) is a function of temperature of exposure conditions and is independent 
of the solution type or concentration. However, the same ageing solutions have led to similar 
final moisture saturation levels. Moreover, the lowest and highest moisture saturation con-
tents are obtained for vapour (45 RH) and distilled water conditions, respectively. 
Comparatively, the absorption in salt water solution is found less than distilled water. 
Furthermore, while fast curing of the adhesive has led to slightly higher moisture saturation 
contents at 45 °C exposure conditions, it has reduced considerably at 20 °C DW. These 
observations are thoroughly discussed in Paper III. 
The moisture absorption and desorption curves of cyclic exposure scenarios are plotted in 
Figures 4.5 to 4.7. As can be seen, after several cycles of absorption at 45 °C 95%RH and 
desorption in the oven, the moisture diffusion into adhesive still follows the Fickian behav-
iour. However, notably after the first drying cycle, the moisture content of specimens cured 
at room temperature has become less than zero. Consequently, these specimens obtain a 
higher moisture content at saturation at the end of the second wetting cycle. On the con-
trary, the fast cured specimens exhibit repeatable behaviour during all the cycles, see Figure 
4.6(a) and Figure 4.7(a). This behaviour is explained by the fact that the specimens cured 
 
Figure 4.4. Moisture uptake data for the epoxy adhesive specimens 
, Civil and Environmental Engineering 
 
23
at the room temperature were not dried prior to exposure. Hence, they might have con-
tained initial moisture content that was not removed until the end to the drying cycle. The 
fast cured specimens were kept in an oven at 45 °C, and, thus, have had precisely zero 
present moisture content at the beginning of the tests. Therefore, it can be concluded that 
as long as the adhesive is fully cured, the curing method does not influence the cyclic 
diffusion behaviour. Nevertheless, fast curing at higher temperatures than room environ-
ment can remove the initial moisture content of adhesive.  
The Fickian diffusion model was fitted to the experimental data. It can be seen that this 
model provides an excellent fit to absorption, desorption and resorption plots, see Fig-
ures 4.5 to 4.7. The changes of the obtained Fickian moisture diffusion coefficients during 
 
(a)
(b) (c) 
Figure 4.5. Epoxy adhesive exposed to cyclic conditions; wetting at 45 °C 95% RH and drying in 
oven at 45 °C: (a) moisture absorption and desorption curves; (b) changes of obtained moisture 
diffusion characteristics during absorption cycles; (c) changes of obtained diffusion coefficients 
during desorption cycles.
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absorption and desorption cycles at 45 °C 95% RH are plotted in Figure 4.5(a) and (b), 
respectively. During the absorption cycles, the moisture saturation content raises with in-
creasing number of cycles which consequently hinders the diffusion process and lowers the 
diffusion coefficient. The increased saturation content can be attributed to the removal of 
the initial moisture content during the initial stages. In addition, with increased exposure 
cycles, the polymer chains may have got damaged, leading to an increase of available sites 
for absorption. The initial moisture content is removed after the first drying cycle, which 
leads to an almost constant diffusion coefficient during the next desorption cycles.  
The absolute value of moisture content during the cyclic immersion exposure conditions 
are shown in Figure 4.6(b) and Figure 4.7(b). It is apparent that in both distilled water 
and salt water solutions, the absorption is slower than the desorption rate which is con-
sistent with earlier studies (e.g. [114]). Moreover, it can be seen that the diffusion rate 
during the wetting cycles has remained constant.  
In conclusion, the results presented in this section suggest that for accurate simulation of 
the moisture profile in adhesive joints, it is essential to obtain history-dependent diffusion 
properties. However, for the adhesive investigated in this study, if the initial moisture con-
tent is removed before exposure, such dependency becomes less prominent and can be 
neglected. 
(a) (b) 
Figure 4.6. Moisture absorption and desorption curves for epoxy adhesive conditioned in distilled
water at 45 °C: (a) sequential mass uptake data; (b) absolute value of moisture content for each
exposure cycle of adhesives cured at room temperature.
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4.2.3 Moisture diffusion into FRP composites 
Figure 4.8 depicts the typical stack layup and cross-section view of the pultruded GFRP 
composites used in this study. A polyester surface veil covers the outside and protects the 
inner layers against environmental attacks. According to the manufacturer’s description, 
the cross section consists of approximately 62% E-glass fibres embedded in an isophthalic 
polyester resin. Due to such orthotropic structure, it may be expected that the material 
(a) (b) 
Figure 4.7. Moisture absorption and desorption curves for epoxy adhesive conditioned in salt water
at 45 °C: (a) sequential mass uptake data; (b) absolute value of moisture content for each exposure
cycle of adhesives cured at room temperature. 
 
Figure 4.8. Typical fibre architecture and cross-section view of pultruded GFRP composite 
(CCLab, EPFL); slightly modified.
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exhibit different diffusion behaviour in each spatial direction. The CFRP laminates consist 
only of unidirectional carbon fibres embedded in VORAFORCETM TP 201 epoxy resin. As 
a result, these laminates are considerably thinner than the GFRP specimens. 
The moisture diffusion results of all the FRP composites are reported completely in Paper 
III. Herein, a summary of the results and a short discussion is presented. All GFRP speci-
mens reached saturation shorty after exposure (within a few days) with comparable 
diffusion rates in all directions.  The moisture content at saturation for all immersion sce-
narios was almost identical and close to 5%. However, exposure to high relative humidity 
(45 °C 95% RH) resulted in a negligible 0.2% moisture saturation content. This behaviour 
is believed to be due to the presence of mat layers that absorb liquid moisture. On the 
contrary, the CFRP specimens did not reach saturation in any of the exposure scenarios 
after one year of exposure. Figure 4.9 shows the experimental moisture uptake curves of 
GFRP and CFRP specimens conditioned at 45 °C DW. The considerably slower diffusion 
rate and moisture content at saturation of CFRP specimen indicates the negligible perme-
ability of this material. Since both E-glass and carbon fibres are impermeable, the resin 
type, stack lay-up and production method can be the reason for this behaviour. 
 
Figure 4.9. Moisture uptake curves of FRP composites conditioned at 45 °C DW.
4.3 Mechanical properties of adhesive 
Tensile tests on dog-bone specimens were conducted to investigate the effects of moisture 
on mechanical properties of adhesive. In addition the effect of the following aspects was 
studied: (i) fast curing, (ii) salt water solutions, (iii) temperature as an accelerating factor 
and (iv) cyclic exposure conditions. The cyclic exposure tests are still ongoing and, thus, 
are not presented in this section. The specimens were manufactured in a Teflon mould 
according to ASTM D638-10 [132] with a thickness of 4 mm and dimensions marked on 
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Figure 4.10(a). After pouring the adhesive into the mould, a constant pressure was applied 
to remove the excessive adhesive and obtain a uniform thickness. Afterwards, the mould 
was placed in an oven at 60 °C for 48 hours for the case of fast cured specimens. The other 
specimens were cured at room temperature (RT cured) for one week. The pressure was 
maintained during the whole curing procedure. In total 50 specimens were manufactured, 
ten of which were tested directly in the dry state and the rest were exposed to the ageing 
conditions listed in Table 4.1. After nine months of exposure, the specimens were removed 
from the conditioning environment and tested to failure. 
The quasi-static tests were performed in displacement control mode and at constant speed 
of 0.2 mm/min. A clip-on extensometer with a gauge length of 25 mm was used to measure 
the strains in the narrow section of the specimen, see Figure 4.10(b). Prior to the tensile 
tests, the geometry of all the specimens, namely thickness and width, was measured at 
three points in the narrow section of the specimen. The measured values were used to 
obtain an average thickness and width per specimen in order to calculate the axial stress.  
The test results of specimens with trapped air bubbles in the failure section were neglected. 
Nevertheless, a minimum of three specimens were included for each condition. Figure 
4.11(a) shows the results obtained for the dry specimens. It can be seen that fast curing 
has led to a considerable drop in the stiffness compared to RT cured specimens. This ob-
servation has been witnessed in an earlier research [133], and is believed to be due to the 
formation of thermal residual stressed during the fast curing process. 
In order to obtain the elastic modulus of tested adhesive specimens, the stress-strain curves 
were used. Firstly, a high order polynomial curve is fitted to the experimental results 
through non-linear curve fitting to diminish the noise-induced experimental scatter. After-
wards, the elastic modulus was calculated as the slope of the initial linear part of the curve 
between 0.05% and 0.2% strain values. Table 4.2 summarizes the test results in terms of 
elastic modulus, strength, and maximum strain, which were categorized based on the mois-
ture content at the time of testing. The moisture contents were derived by means of 3D 
mass diffusion simulations in Abaqus® and are explained in Section 8. 
 
Figure 4.10. Adhesive dog-bone specimens: (a) manufacturing mould; (b) test setup. 
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(a) (b) 
Figure 4.11. Stress-strain curves of dog-bone adhesive specimens: (a) room temperature (RT) curing
vs. fast curing of specimens; (b) dry vs. wet adhesive specimens. 
Table 4.2. Experimental results of dog-bone adhesive specimens with varying moisture content. 
Ageing condition Moisture content [%] Elastic modulus [GPa] Strength [MPa] Max. strain [%]
Dry – RT cured 0 7.162 34.09 1.01 
7.056 33.78 0.98 
6.936 33.80 0.99 
7.267 34.04 0.96 
6.928 34.15 0.93 
Dry – Fast cured 0 5.565 29.98 0.91 
5.146 30.17 0.87 
5.420 34.92 0.98 
20 °C – Salt water 0.7807 5.663 20.35 1.16 
6.336 30.89 1.08 
6.021 30.05 1.10 
20 °C – Distilled water 0.879 5.092 27.84 1.32 
5.372 28.79 1.41 
4.930 27.12 1.28 
5.601 - - 
45 °C – 95% RH 1.0976 4.260 27.16 0.91 
4.755 26.12 0.90 
4.355 25.32 0.94 
45 °C – Salt water 1.3403 4.483 27.67 1.1 
4.775 27.29 1.23 
5.310 28.12 1.05 
45 °C – Distilled water 1.476 3.655 23.34 1.39 
3.323 24.44 1.36 
4.111 23.24 1.45 
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The averaged stress-strain curves of specimens in the dry state and after nine–month of 
ageing in 45 DW condition are illustrated in Figure 4.11(b). A comparison of the two curves, 
clearly indicates the degradation of mechanical properties of adhesive caused by moisture. 
Nevertheless, with the failure strain increased by almost 40%, the aged adhesive exhibits 
more ductility.  
The correlation between mechanical properties of adhesive and moisture content are plotted 
in Figure 4.12. Evidently, not only these properties have a strong dependency on moisture 
content, but also on the solution in which that level is achieved. In particular, the salt 
water solution appears to affect the mechanical properties less severe than distilled water. 
In order to develop a predictive equation for these properties as a function of moisture 
(a) (b) 
 
(c)
Figure 4.12. The effect of moisture on mechanical properties of adhesive: (a) elastic modulus,
(b) tensile strength, (c) strain at failure.
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content, non-linear curve fitting is conducted. As can be seen, the changes of tensile strength 
and elastic modulus can be predicted with good accuracy using a linear relationship. The 
obtained predictive equations for elastic modulus, E, and tensile strength, σmax, as a func-
tion of moisture content, Mt, are as follows: 
E-modulus in distilled water or vapour conditions: 
 𝐸 [𝑀𝑃𝑎] = 7100 − 2287𝑀𝑡 [%] (4.1)
E-modulus in salt water: 
 𝐸 [𝑀𝑃𝑎] = 7100 − 1607𝑀𝑡 [%] (4.2)
Tensile strength in distilled water or vapour conditions: 
 ߪ௠௔௫ [𝑀𝑃𝑎] = 34 − 6.98𝑀𝑡 [%] (4.3)
Tensile strength in salt water: 
 ߪ௠௔௫ [𝑀𝑃𝑎] = 34 − 4.75𝑀𝑡 [%] (4.4)
As Figure 4.12(c) indicates, the failure strain generally increases with moisture content. An 
exception is the failure strain of specimens exposed to vapour condition (95% RH) in which 
the failure strain slightly decreases. This observation reveals that ductility depends not 
only on the moisture content and conditioning solution, but also on the moisture state 
(vapour or liquid). For the immersion scenarios, the relationship of failure strain with mois-
ture content is not linear. Hence, a parabolic equation is curve fitted to these series. The 
relatively low coefficient of determination, R2, suggests a weaker correlation of this param-
eter with moisture content. This finding is in agreement with the reported results for various 
epoxy adhesives that are discussed in Paper I. However, the failure strain, εmax, in moist 
conditions can be predicted by the following equations: 
Failure strain in distilled water: 
 ߝ𝑚𝑎𝑥 = 0.96 + 0.63𝑀𝑡 − 0.22𝑀𝑡2 (4.5)
Failure strain in salt water: 
 ߝ𝑚𝑎𝑥 = 0.96 + 0.3𝑀𝑡 − 0.13𝑀𝑡2 (4.6)
Failure strain in high relative humidity levels: 
 ߝ𝑚𝑎𝑥 = 0.96 − 0.038𝑀𝑡 (4.7)
It is clear from the results presented in this section that there is a strong correlation between 
mechanical properties of adhesive and its moisture content. For adhesive specimens im-
mersed in distilled water and 1.5% moisture content, the elastic modulus drops by more 
than 50%. Comparatively, the specimens with the same moisture content but immersed in 
salt water exhibit less deterioration with 33% reduction in elastic modulus. The degradation 
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of tensile strength is less severe and is around 30% and 20% for the same moisture content 
obtained in distilled water and salt water, respectively. As the time of exposure was kept 
constant for all specimens, the specimens exposed at 20 °C did not reach full saturation, 
and hence had a lower moisture content than the fully saturated specimens conditioned at 
45 °C. However, the elastic modulus and tensile strength are shown to decrease linearly 
with the moisture content, irrespective of the temperature at which the materials were 
conditioned. This is consistent with the collected data of similar tests reported in Paper I 
for a wide range of epoxy adhesives, where a nearly linear drop of elastic modulus and 
strength with increasing moisture content is observed.  
4.4 Mechanical properties of FRP materials 
As it was discussed in Section 2.2.4, moisture can affect the mechanical properties of FRP 
composites. However, for unidirectional composites, moisture effects are more pronounced 
on resin-dominated properties, such as interlaminar shear strength, than fibre dominated 
properties, such as tensile strength. However, in order to account for probable changes in 
tensile strength and stiffness of the used FRP composites, this test series was included. 
Therefore, GFRP and CFRP tensile coupon specimens were prepared according to ASTM 
D3039/D3039M-14 [134]. The provided prefabricated laminates were cut into 25 × 250 
[mm] (width × length) coupons using water-jet cutting technique. The thickness of the 
coupons was 10 and 1.25 mm for the GFRP and CFRP, respectively.  
Table 4.3 summarizes the exposure conditions and testing plan for the tensile coupon tests. 
Tests are planned to be conducted after 6 months and 12 months of exposure. Two speci-
mens of each kind will be tested at each occasion. In addition, to check the cyclic exposure 
performance, a series of specimens were removed from the exposure environment after six 
months and placed in an oven at 45 °C. The drying will be continued for an additional 6 
months after which the tensile tests will be conducted. These tests are still ongoing, and 
thus the results are not included in this thesis.  
Figure 4.13 depicts the FRP specimens exposed to the 45 °C 95% RH environment. 
Table 4.3. Exposure conditions and testing plan for the tensile coupon FRP specimens. 
Exposure environment Testing plan
Temperature Humidity level Solution Testing interval 
[months] 
Number of 
specimens 
45 °C Immersion 5% NaCl 6, 12 4 
45 °C Immersion/Drying 5% NaCl 12 2 
45 °C Immersion Distilled Water 6, 12 4 
45 °C Immersion/Drying Distilled Water 12 2 
45 °C 95% Relative Humidity Distilled Water 6, 12 4 
45 °C 95% RH/Drying Distilled Water 12 2 
20 °C Immersion 5% NaCl 6, 12 4 
20 °C Immersion Distilled water 6, 12 4 
20 °C Room environment -- 0 3 
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4.5 Fracture toughness of adhesive/steel joints 
It is generally accepted that the fracture mechanics approach is better capable to describe 
the mechanical rupture compared to the classical strength of material (stress-based) ap-
proaches. This is mainly due to the presence of singularities in the stress field of bonded 
assemblies which induces the stress-based design criteria to be fundamentally mesh-size 
dependent. However, a challenging and crucial perquisite of the fracture mechanics ap-
proach is to accurately characterize the fracture properties, such as the fracture energy. 
The fracture toughness of the dry adhesive/steel joints loaded in peeling (mode I) and shear 
(mode II) had been previously characterized in [135,136]. Accordingly, double cantilever 
beam (DCB) and end notched flexure (ENF) configurations were employed. The results are 
presented and discussed in Paper II, where it is found that the utilized testing procedures 
and specimen configurations can yield accurate results. However, these configurations are 
not suitable for obtaining the moisture dependent properties of adhesive since only their 
bond-line edges are directly exposed to moisture. In other words, the moisture diffusion 
path to the centre of the joint becomes very long. As a result, an unreasonably long time 
is required before the entire bond-line experiences a uniform moisture uptake. In addition, 
even if the moisture distribution becomes uniform across the entire bond-line, yet the deg-
radation would be non-uniform. This is because the adhesive with shorter moisture diffusion 
paths (outer region) gets saturated earlier than the inner regions with longer moisture 
diffusion paths. Consequently, the outer regions undergo longer moisture exposure dura-
tions (i.e. more damage) compared to the inner regions. 
Open-faced specimens can be used to overcome the aforementioned disadvantages of stand-
ard fracture characterization configurations. These specimens are fabricated by applying 
the adhesive on one side of a single adherend to obtain a uniformly thick “primary bond” 
with a free surface to be exposed to moisture, see Figure 4.15. Hence, a more spatially 
uniform state of degradation can be achieved in a noticeably shorter time. After exposure 
of the open-faced specimen to a given environment, the open surface of the aged adhesive 
is bonded to another adherend using a “secondary” adhesive. This secondary adhesive should 
 
Figure 4.13. FRP tensile coupon materials in the conditioning chamber at 45 °C 95% RH. 
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ideally cure very fast and be stronger than the primary adhesive. A complete open-faced 
double cantilever beam (ODCB) specimen is illustrated in Figure 4.14. 
In this study, open-faced DCB and ENF specimens are planned to be used to characterize 
the effects of moisture on fracture toughness of the adhesive material. The test specimens 
have the same dimensions as previously tested dry DCB and ENF specimens. It is also 
planned to test ODCB and OENF specimens in the dry state to account for the effects of 
manufacturing method. The test and fabrication setup is currently being developed and the 
specimens will be manufactured afterwards. 
The outcome of these test series will be used in the modelling work to predict the strength 
of aged bonded joints. Thanks to considerably reduced required time to saturation, more 
issues are planned to be investigated. This includes the influence of (i) moisture content, 
(ii) salt, (iii) temperature, (iv) wet/dry cycles, (v) freeze/dry-thaw cycles, (vi) freeze/wet-
thaw cycles, and (vii) time-dependent moisture exposure. 
 
Figure 4.14. The final configuration of an open-faced DCB specimen, after [137] (modified, not 
to scale). 
 
Figure 4.15. Schematic representation of moisture diffusion: (a) standard geometry; (b) open-
faced geometry. 
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4.6 Fracture toughness of FRP/adhesive joints 
The mode I and mode II fracture toughness of adhesively bonded joints composed of GFRP 
materials (supplied by the same manufacturer and with similar layup to the one used in 
this study) was recently investigated by Ye Zhang [138]. As shown in Figure 4.16(a) and 
(b), DCB and ELS (end loaded split) test configurations were used for mode I and mode II 
fracture characterization, respectively. The dominant failure mode, in both cases, was the 
fibre-tear failure in the mat layer of the GFRP laminate, Figure 4.16(c) and (d). This is 
mainly because the through thickness tensile and interlaminar shear strength of the lami-
nate is lower than that of the FRP/adhesive interface. 
As it will be discussed in Section 5, similar failure mode was observed for some of the 
FRP/steel bonded double lap shear joints tested in this study. Hence, the discussed config-
urations are suitable for investigating the influence of environmental factors on fracture of 
FRP composites in bonded joints. As the weak link in these joints is the FRP composite 
(adherend) which is in direct contact with moisture, the specimens can be manufactured 
using the traditional techniques, i.e. without open-faced fabrication method. 
(a) DCB test setup  
 
(b) ELS test setup 
(c) Failure of DCB specimen in mat layer 
 
(d) Failure of ELS specimen in mat layer
Figure 4.16. Test setups and failure modes of GFRP/epoxy joints for fracture characterization, 
after [138]. 
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The DCB configuration has been widely used to characterize the fracture under pure mode I 
loading. However, under pure mode II, the ENF and ELS configurations are commonly 
used. The ELS test allows more stable crack propagation and has been recently emerged as 
a valuable configuration. However, in contrast to the DCB specimen, no standard test 
dimensions exist for the ELS specimens. In fact, the definition of specimen dimensions 
depends largely on the adherends and adhesive properties. For the particular case of CFRP 
composite bonded joints, De Moura and Dourado [139] show that the ELS joints with 
dimensions marked in Figure 4.17(b) are appropriate. In addition, the authors suggest a 
data reduction scheme based on the equivalent crack method, ECM, which does not require 
the measurement of crack length during testing. Ye Zhang [138] also reports the good ac-
curacy of the ECM method for the case of GFRP specimens.  
In this context, the specimens depicted in Figure 4.17 will be used in this study. 
 
Figure 4.17. Schematic representation of the fracture toughness tests for FRP/epoxy joints (dimen-
sions in mm): (a) DCB configuration; (b) ELS configuration.
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5 Long-term durability tests of adhesively bonded 
FRP/steel joints 
In order to investigate the long-term performance and identify the environmental damaging 
mechanisms at joint-level, adhesively bonded FRP/steel double lap shear (DLS) joints are 
manufactured. The advantage of this configuration compared to the other commonly used 
joints is the ease of failure detection and relatively straightforward testing procedure. In 
addition, the stress state at the outer ends of the bond line in a DLS specimen is very 
similar to that of steel girders strengthened with FRP laminates [140]. 
More importantly, this test series will be used to verify the FE analysis predictions of 
environmentally aged joints. Therefore, in the planning of the test matrix, special consid-
eration was given to include sufficient testing intervals and exposure combinations. 
5.1 Specimen configuration and manufacturing 
Two types of DLS joints were designed: (i) with CFRP adherends (CDLS), (ii) with GFRP 
adherends (GDLS). The CDLS joints are intended to represent applications relating to 
strengthening of steel bridge girders, whereas the GDLS series represent GFRP bridge deck 
to steel girder connections. In both cases, the substrate is normal strength carbon steel 
(S355) and the used adhesive is STO® BPE lim 567. However, the thickness of the adhesive 
layer is 1.5 mm and 6.0 mm in CDLS and GDLS joints, respectively. The adhesive thickness 
was chosen to comply with typical bridge field joints for their intended application. In 
addition, the steel plates were chosen wider than the FRP laminates to resemble adhesive 
connections in bridges where the entire flange may not be covered by the FRP. 
One of the most important aspect of manufacturing the DLS specimens is to achieve a 
proper bond quality. In this regard, the mechanical interlocking between the interfacial 
adhesive layer and steel was enhanced by augmenting the total exposed bond area of steel. 
This is achieved by sandblasting the steel surface to a degree equivalent to SA2½, as sug-
gested in [5]. Afterwards, the steel plates were cleaned with high-pressure air and solvent 
(acetone) to remove the residual steel particles, dust and other contamination. The surface 
of both CFRP and GFRP laminates were roughened using fine sandpaper, cleaned with air 
pressure and rinsed with acetone prior to bonding. Finally, the DLS joints were manufac-
tured using the specific moulding forms that were created for each specimen type, see Figure 
5.1. To cure the adhesive layer, all the specimens were kept for at least seven days under 
room conditions. 
The manufactured DLS joints are shown in Figure 5.2. As the adhesive bond in FRP deck 
to steel girder joints are usually away from the edges of the deck, moisture can only enter 
GFRP material from its surface.  Therefore, the sides of some of the GDLS specimens were 
covered with a water-proof paint to represent filed applications, see Figure 5.2(c). Prior to 
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the exposure, all the specimens were marked, their dimensions were measured and docu-
mented, the bond-line edges were examined with a magnifying lens, and specimens with 
visible imperfections (such as micro cracks, trapped air pockets, adherends misalignments, 
etc.) were excluded. 
 
Figure 5.1. Fabrication mould for DLS joints.
Figure 5.2. Manufactured DLS joints. 
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5.2 Exposure scenarios  
After the curing period, the manufactured DLS joints were exposed to a number of different 
exposure scenarios. The exposure conditions were planned according to the points discussed 
in Section 3. 
In total, 120 DLS specimens were manufactured, of which 110 were exposed and 10 were 
tested in the dry-state as the control specimens. Table 5.1 lists the exposure matrix for the 
conditioned specimens. Two temperature regimes, namely 20 °C and 45 °C, were utilized to 
investigate the effects of increasing temperature on ageing mechanisms at joint-level. For 
each temperature, the specimens were immersed in distilled water or 5% NaCl solution. 
The salt solution concentration was chosen to represent de-icing salt solutions found in 
bridges, and is obtained by mixing 5% weight NaCl salt with distilled water. For the case 
of 45 °C, two special conditioning tanks were made by equipping high temperature resistant 
plastic boxes with submersible stainless steel electric heaters. In addition, each box is pro-
vided with two water circulating pumps to achieve uniform temperature distribution 
throughout the tank, see Figure 5.3(a). The exposure scenarios at 20 °C were conducted by 
placing similar water containers in a walk-in climate room with a constant temperature of 
20 °C. All the containers were sealed and checked regularly. 
In addition to constant immersion of specimens in the described conditions, cyclic exposure 
scenarios were performed. These scenarios include wet/dry and freeze/thaw cycles. The 
wet/dry condition was achieved by first immersing the specimens in water for a given time 
(four or eight months), followed by drying them at the same temperature and for the same 
duration. Moreover, after the drying cycle, some specimens were exposed to another wet 
cycle. The freeze/thaw condition was achieved by applying freeze/thaw cycles to specimens 
that had been immersed in salt- or distilled water at 45 °C for 18 months. The freeze/thaw 
cycles are being performed using an environmental chamber. Another series of specimens 
were exposed to outdoor conditions in Gothenburg, as depicted in Figure 5.3(b). 
(a) (b) 
Figure 5.3. Exposure of DLS specimens: (a) heated-water tank, (b) outdoor conditions. 
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Table 5.1. Long-term exposure matrix of DLS joints 
Temperature Exposure condition Adherend Exposure duration [months] Quantity 
45
 °C
 
D
ist
ill
ed
 w
at
er
 (D
W
) 
Constant immersion 
CF
RP
 
4 
6 
12 
18
3 
3 
3 
2
Cyclic wet/dry 
8 (wet) 
8 (wet) / 8 (dry) 
8 (wet) / 8 (dry) / 8 (wet)  
3 
1 
2
Cyclic freeze/thaw (f/t) 18 (wet) / 50 [ f/t cycles] 18 (wet) / 100 [ f/t cycles] 
2 
2
Constant immersion 
G
FR
P 
2 
4 
6 
12 
18
2 
2 
2 
2 
2
5%
 N
aC
l s
ol
ut
io
n 
Constant immersion 
CF
RP
 
4 
6 
12 
18
3 
3 
3 
3
Cyclic wet/dry 
8 (wet) 
8 (wet) / 8 (dry) 
8 (wet) / 8 (dry) / 8 (wet)  
3 
1 
2
Cyclic freeze/thaw (f/t) 
18 (wet) / 50 [f/t cycles] 
18 (wet) / 100 [f/t cycles] 
18 (wet) / 200 [f/t cycles] 
3 
3 
3
Constant immersion 
G
FR
P 
2 
4 
6 
12 
18
3 
3 
3 
3 
3
Constant immersion Painted GFRP 
6 
12 
18
2 
2 
2
20
 °C
 
DW Constant immersion CFRP 6 12
2 
2
5%
 N
aC
l s
ol
ut
io
n 
Constant immersion 
CF
RP
 4 6 
12
3 
3 
3
Cyclic wet/dry 4 (wet) / 4 (dry) 4 (wet) / 4 (dry) / 4 (wet) 
2 
2
Constant immersion GFRP 6 12
3 
3
Outdoor conditions 
CFRP 
24 
48 
72
2 
2 
2
GFRP 48 2 
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5.3 Test setup and Results 
The DLS specimens were tested using an MTS 
universal testing machine with a capacity of 
250 kN. The tests were performed in displace-
ment control mode at a constant rate of 
0.1 mm/min until failure. A series of LVDTs 
were used to measure the longitudinal and 
transverse deformation of specimens during 
testing. The test setup is shown in Figure 5.4.  
Due to the large number of specimens and the 
fact that some of the exposure scenarios were 
still ongoing, only the results of constant im-
mersion conditions of CDLS specimens are 
reported in this thesis. 
The failure of all the tested CDLS specimens 
initiated from the gap area. The crack initia-
tion and failure mechanisms were recorded by means of a high resolution camera. In 
addition, the crack initiation load (failure load) and maximum load were distinguished, and 
are thoroughly discussed in Paper II. 
The test results in terms of maximum load, maximum displacement and failure mode are 
listed in Table 5.2 for all the tested CDLS specimens. It can be seen that, for all the ageing 
conditions, with increasing exposure duration the failure mode shifts from cohesive failure 
in the adhesive layer to the interfacial or interlaminar failure, or a combination of both. 
However, the changes of load bearing capacity does not follow the same trend for all the 
cases, see Figure 5.6 and Table 5.3. Compared with the dry joints, the load-bearing capacity 
increases with exposure duration for the specimens immersed in both distilled- and salt 
water at 20 °C. After one year of exposure, the average load bearing capacity of these 
specimens increases by 10% and 15% for 20DW and 20SW series, respectively (see Figure 
5.6(a) and (b)). Nevertheless, for the same exposure duration and irrespective of the solution 
type, the load-bearing capacities of the specimens aged at 45 °C gets reduced. In comparison 
with the dry joints, the reductions are ca. 9% and 25% for 45DW and 45SW series, respec-
tively. It is interesting to note that, even in these series, exposure for shorter durations has 
led to increased load-bearing capacity. This critical period, during which the strength of 
the joint is not reduced, is eight months for the case of immersion in distilled water at 45 
°C. Moreover, it can be seen from Table 5.2 that exceeding this critical time is accompanied 
by a change of failure mode from cohesive to interfacial failure. The critical time is found 
to be six months for specimens immersed in salt water at 45 °C.  
Another observation from the test results, presented in Table 5.2, is a considerable reduc-
tion in the maximum longitudinal deformation of the joints as result of ageing. This is the 
 
Figure 5.4. Test setup of DLS specimens 
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most pronounced for the joints immersed in salt water at 45 °C, in which the maximum 
displacement drops to less than 1.0 mm (compared to 1.9 mm for the case of dry joints) for 
the majority of the tested joints. This observation can be justified by the change of failure 
mode to interlaminar or interfacial failure. 
The effect of ageing on stiffness of the joints is studied by plotting longitudinal deformation 
at different load levels vs. ageing time. These load levels are chosen to fall approximately 
before damage initiation, during damage development, and after crack imitation in the 
joint. The results are plotted in Figure 5.5. It can be seen that the joint stiffness is generally 
increased with increasing exposure duration (i.e. decreased displacement). Moreover, the 
stiffness gain is more pronounced at higher load levels. Given that the increased stiffness in 
only observed for the joints with interlaminar or interfacial failure mode, this observation 
Table 5.2. Test results of CDLS specimens in constant immersion conditions; DW: distilled water,
SW: 5% NaCl salt water. 
Exposure 
condition 
Exposure  
duration [days] 
Maximum load 
[kN] 
Max. longitudinal 
displacement [mm]
Failure mode 
Dry 0 121.7 1.97 Cohesive 
0 121.8 1.93 Cohesive 
0 122.7 1.91 Cohesive 
20°C DW 197 123.9 0.91 Interlaminar / interfacial
 197 135 1.09 Cohesive 
 365 118.9 0.87 Interlaminar / interfacial
 365 149.9 1.27 Cohesive 
20°C SW 197 132.2 1.29 Cohesive 
 197 127.8 1.47 Cohesive 
 365 140.5 1.08 Interlaminar / interfacial
 365 142.9 1.23 Cohesive 
 365 139 1.07 Interlaminar / interfacial
45°C DW 119 123 1.65 Cohesive 
 119 122.9 1.57 Cohesive 
 243 127.1 1.97 Cohesive 
 243 134.5 1.77 Cohesive 
 243 124.7 1.71 Cohesive 
 364 117.4 1.66 Interfacial / cohesive
 364 116.8 1.42 Interfacial / cohesive
 364 124.7 1.62 Interfacial / cohesive
45°C SW 120 111.5 0.69 Interlaminar 
 120 121.1 1.08 Interlaminar 
 120 128.2 1.21 Cohesive 
 181 126.8 0.79 Interfacial 
 181 121.1 0.73 Interfacial 
 181 116 0.75 Interfacial 
 239 98.5 0.73 Interlaminar / interfacial
 239 124 1.53 Cohesive 
 239 103 0.76 Interlaminar 
 364 113.6 0.91 Interfacial/cohesive
 364 79.9 0.87 Interlaminar 
 364 111 1.25 Interfacial / cohesive 
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can be explained as follows: as a consequence of moisture ingression, the highly stressed 
adhesive close to the gap area gets softened. This causes the peak stresses to decrease, 
which in turn delays the crack initiation in the adhesive. As a result, the joints exhibit an 
apparent stiffness gain at higher load levels. However, for the specimens with cohesive 
failure, the joint’s stiffness is governed by the stiffness of the adhesive layer which, as 
previously discussed in Section 4.3, deteriorates in the presence of moisture. 
Figure 5.7 shows some examples of fractured CDLS specimens with different failure modes. 
As can be seen, the bonded steel surface is not corroded in any of the specimens. 
(a) 20°C distilled water (b) 20°C salt water 
(c) 45°C distilled water (d) 45°C salt water 
Figure 5.5. Changes of longitudinal displacement at different load levels vs. exposure time of 
CDLS joints. 
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Table 5.3. Load bearing capacities of CDLS specimens in constant immersion conditions. 
Exposure 
condition 
Exposure duration 
[days] 
Average maximum 
load [kN] 
Std. error Average failure 
load [kN] 
Std. error 
Dry 0 122.07 0.3179 122.07 0.3179 
20°C DW 197 129.46 5.5526 129.46 5.5526
365 134.39 15.4837 134.39 15.4837
20°C SW 197 129.99 2.1789 129.99 2.1789
365 140.82 1.1217 140.82 1.1217
45°C DW 119 122.97 0.0634 119.76 0.0601
243 128.75 2.9596 128.75 2.9596
364 119.66 2.5325 111.43 2.1681
45°C SW 120 120.27 4.8308 117.03 5.5778
181 121.31 3.1332 121.31 3.1332
239 108.50 7.8473 108.50 7.8473
364 101.50 10.8359 91.36 6.7864 
 
 
(a) 20°C distilled water (b) 20°C salt water 
 
(c) 45°C distilled water (d) 45°C salt water 
Figure 5.6. Load bearing capacity vs. exposure time of CDLS joints. 
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Figure 5.7. Examples of different failure modes of tested CDLS specimens 
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6 Overview of modelling scheme 
The modelling scheme used to predict the performance of bonded FRP/steel joints is shown 
in Figure 6.1. As can be seen, the modelling approach is divided into three distinctive steps: 
(1) static analysis to study the static response, 
(2) mass diffusion analysis used to predict the moisture profile, 
(3) cohesive zone modelling to predict the strength and fracture response. 
As it is shown, the material input data for these models are obtained through the material 
characterization tests explained in Section 4. In this study, cohesive zone modelling is used 
to study the cracking and consequently failure of FRP/steel joints bonded with thick ad-
hesive layer. As this numerical analysis model is intended to form the foundation of the 
damage mechanics based design approach, the effect of many parameters, such as the crack 
path location, adhesive thickness, and failure mode on the strength and mechanical response 
of the dry joints were investigated. Section 7 provides a short introduction to cohesive zone 
modelling and presents the key findings of the performed study. The complete results are 
reported in Paper II. 
Moreover, mass diffusion and static analyses were sequentially coupled to study the effect 
of moisture on stress re-distribution in the adhesively bonded joints with permeable ad-
herends. An introduction to these analyses, selected results as well as the key conclusions 
are given in Section 8, while an elaborate discussion is provided in Paper III.  
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Figure 6.1. Flowchart of the modelling scheme in this study. 
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7 Failure prediction of adhesively bonded FRP/steel 
joints using cohesive zone modelling: Paper II 
The design of steel/FRP adhesive joints is a complicated subject due to the variety of 
possible failure modes, including: (i) cohesive failure, (ii) debonding at steel/adhesive or 
FRP/adhesive interfaces and (iii) delamination in FRP. In addition, as it was discussed in 
Section 5.3, the failure of adhesive joints with a cohesive failure mode in the dry condition, 
often changes to interface failure mode after ageing. Therefore, to accurately analyse the 
failure of such joints, it is essential to consider approaches that are applicable to different 
failure modes. 
Three major approaches can be used for failure analysis of bonded joints: (i) stress-based 
continuum mechanics, (ii) fracture mechanics-based, and (iii) damage mechanics-based ap-
proaches such as the cohesive zone modelling. The stress-based approaches suffer from the 
singularities at bi-material interfaces and sharp corners, and hence, cannot be used at the 
interfaces. The fracture mechanics-based approaches can be used to overcome the stress 
singularities at the interfaces. However, these methods assume an initial sharp crack which 
inevitably results in stress singularities at its tip. The damage mechanics approach, on the 
other hand, assumes a progressive damage before failure and, thus, is preferred.  
Cohesive zone modelling (CZM) is an approach based on the damage mechanics-based 
modelling. CZM was first introduced by Barrenblatt [142,143] in 1959 to deal with the 
stress singularity at the sharp crack tip experienced in fracture mechanics analysis. In this 
approach, the fracture formation is considered as a gradual process in which the separation 
of the surfaces of the crack takes place across an extended crack tip, or cohesive zone, and 
is resisted by cohesive tractions, see Figure 7.1(a). As the two surfaces separate, the traction 
decreases. New crack surfaces are formed as the traction reaches zero. As depicted in Figure 
7.1(b), this process is described by a cohesive law which relates the cohesive traction and 
relative separation of the cohesive zone surfaces.  
 
Figure 7.1. (a) Schematic representation of cohesive zone at a crack tip, after [141] (slightly modi-
fied), (b) examples of cohesive laws for a brittle and ductile failure.
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Another advantage of CZM compared with the classical fracture mechanics approach is 
that it does not require an initial crack. This simplifies the modelling and calculations to a 
great extent. However, it is still necessary to define a crack path location. This becomes 
particularly important as the complexity of the joint increases. This is investigated in more 
details in Paper II, where it is shown that the location of the crack path in a single adhesive 
layer (at its centre or boundaries) does not have a significant effect on the predicted failure 
and mechanical behaviour. However, in joints with more than one adhesive bond, care 
should be taken with the placement of crack paths as this can lead to overestimations of 
the ultimate strength. 
It is also shown in Paper II that the CZM approach can be successfully used to predict the 
damage process, ultimate strength and deformation of: (i) adhesively bonded CFRP/steel 
DLS joints with cohesive failure, and (ii) full-scale FRP-bonded steel beam specimens with 
interfacial failure. Furthermore, a combined interfacial/cohesive failure is also modelled. It 
is found that as long as the triggering failure mode remains cohesive in the adhesive, the 
combined interfacial/cohesive failure does not affect the ultimate joint strength. Neverthe-
less, maximum deformation is reduced significantly. 
The CZM approach has been extensively used for failure analysis of adhesive joints used in 
many engineering fields [144–146]. However, comparably, the thickness of the adhesive layer 
in adhesive joints used in civil engineering applications are often several times larger. As 
can be seen in Figure 7.2, the thickness of the adhesive layer can affect the process zone in 
bonded assemblies. This is due to the appearance of an interface damage zone in the vicinity 
of the interface with adherends as the adhesive layer thickness decreases  [147]. As a result, 
the fracture toughness can either get enhanced thorough stress shielding effect, or get ex-
acerbated through the coalescence of voids before crack initiation. Given that the adhesive 
layer thickness is often disregarded in derivation of its fracture properties, its effect was 
investigated in Paper II by obtaining the cohesive law for thick adhesive layers. The derived 
parameters were implemented in failure analyses of DLS joints. It is found that neglecting 
the adhesive layer thickness can result in overestimation of the joint’s strength. Neverthe-
less, for the studied DLS joint with an adhesive layer thickness of 1.5 mm, the difference 
in the predicted ultimate strength was negligible (ca. 5%). 
 
Figure 7.2. Schematic representation of thickness effect on process zone of CZM in adhesive 
joints; (a) thick adhesive layer, (b) thin adhesive layer.
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8 Coupled diffusion-mechanical finite element 
analysis: Paper III 
8.1 Mass diffusion analysis 
Due to the analogy of the governing differential equations of heat transfer and Fickian 
diffusion, the classical heat transfer analysis is often used to simulate moisture diffusion 
into bonded assemblies. In this regard, moisture concentration and diffusivity are repre-
sented by temperature and heat conductivity, respectively. The basic assumption of heat 
transfer analyses is that the temperature profile, which could be considered as moisture 
concentration, has to be continuous across the thickness of the joint. Although this assump-
tion is true in joints with impermeable adherends, it is violated when two or more permeable 
materials with different moisture saturation contents are bonded together. To resolve this 
problem, the heat transfer analysis can be replaced with mass diffusion analysis. In this 
context, the discontinuity problem is dealt with by using normalized concentration as the 
degree of freedom at the nodes. The normalized concentration is defined as the ratio of 
moisture concentration to moisture saturation content of each material. 
In this study, 3D mass diffusion analyses were performed using the commercial FE analysis 
software Abaqus 6.13. Firstly, the gravimetric specimens were modelled using the Fickian 
diffusion parameters previously obtained in Section 4.2. This step is taken to verify the 
analysis, the used boundary conditions and modelling techniques, and is explained in paper 
III. Having verified the model, it was used to predict the moisture content of the dog-bone 
adhesive specimens after 9 month of exposure (at the time of tensile testing). Figure 8.1 
shows a contour plot of moisture concentration (CONC) in the modelled assembly. Evi-
dently, the specimen is not saturated after two months of immersion in salt-water at 45 °C. 
 
Figure 8.1. Contour plot of moisture concentration profile in dog-bone epoxy adhesive specimen 
after exposure for 2 months to 45SW condition.
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The analysis results were post-processed to obtain the total moisture content of the speci-
mens. The results are plotted in Figure 8.2 in which a vertical line is used to mark the 9-
month exposure limit. Consequently, the corresponding moisture content of the specimens 
exposed to different ageing conditions were extracted. These values were used to analyse 
the test results of dog-bone specimens. 
The moisture diffusion modelling of DLS joints is thoroughly discussed in Paper III. It is 
found that including the permeability of the adherends in moisture ingression analysis is 
crucial for accurate estimation of moisture profile in FRP/steel bonded joints. In addition, 
the efficiency of simple Fickian model over the dual-Fickian model is shown for joints with 
low permeability of adherends (such as the CFRP material used in this study). However, 
disregarding the relaxation dependent response of adhesive in joints with high permeable 
adherends can lead to underestimation of moisture content in the joint.  
8.2 Sequentially coupled diffusion-mechanical analyses 
Once the moisture profile in a joint is obtained, the elastic modulus of adhesive can be 
defined as a function of moisture content of each element. As a result, the effect of moisture 
on load transfer mechanism and stress redistribution at joint-level can be studied. In the 
modelling context, this was achieved by applying a pre-defined field variable of normalized 
moisture concentration in the adhesive material in the modelled DLS joint. The elastic 
modulus of adhesive was defined based on Equations 4.1 and 4.2. Therefore, the correct 
elastic modulus was attributed to each element automatically. Figure 8.3 shows the mod-
elled geometry of the CDLS specimen. Only one quarter of specimen is modelled due to its 
symmetry. The stress redistribution in joints exposed to distilled water for up to 50 years 
are presented in paper III. Herein, the stress redistribution in a CDLS joint exposed to 
45SW condition for 10 years are presented. 
 
Figure 8.2. Moisture uptake vs. exposure duration of the dog-bone adhesive specimens. 
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The moisture concentration profile in the adhesive mid-layer after exposure to 45SW con-
dition for 10 years is plotted in Figure 8.3. Only one quarter of the adhesive is shown due 
to its symmetry. As can be seen, the adhesive layer is not saturated after the 10-year 
exposure simulation period. Plots of stress distribution along the longitudinal paths and in 
the adhesive mid-layer are shown in Figure 8.4. The stresses are plotted for both the dry 
and “45SW 10-year” conditions. All the stresses are normalized with respect to the maxi-
mum principal stress along the edge path in the dry condition. As can be seen, the maximum 
principal stresses are the largest close to the gap which confirms the crack initiation location 
observed during experiments. Furthermore, the stresses are generally larger along the edge 
path compared with the central path. This is mainly due to the load transfer mechanism 
from the steel plates to the CFRP close to the gap location.  
In comparison with the dry condition, the peak stresses have reduced after the 10-year 
exposure period. Moreover, since the adhesive close to the edge is almost saturated, the 
reduction is larger for the stresses along the edge path. Compared with the dry condition, 
the drop in the peak maximum principal stress is 12% and 16% along the central and edge 
longitudinal paths, respectively. It can be also seen from the plots of shear stress that the 
stresses are distributed along a larger area after exposure. Although very negligible, it 
highlights an increase in the anchorage length upon moisture ingression. However, as it was 
shown in Section 5.3 for joints exposed to 45SW condition, not only the strength is not 
increased, but also it has reduced after one year of exposure. This observation is discussed 
in Paper III. It is speculated that the presence of moisture for more than a critical time, 
can degrade adhesive/steel interface or FRP composite. Since the failure is governed by the 
weakest element, the drop in the peak stress does not lead to strength improvements in the 
joint. 
Figure 8.3. Schematic representation of CDLS specimen (not to scale), modelled geometry and 
moisture concentration profile after exposure to 45SW for 10 years. 
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(a) along edge longitudinal path (b) along central longitudinal path
Figure 8.4. Plots of stress distribution along the longitudinal paths shown in Figure 8.3; all values 
are normalized with respect to the maximum principal stress along the edge line in the dry condition. 
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9 Conclusions 
9.1 General conclusions 
The aim of this study was to establish a framework for long-term performance and dura-
bility analysis of adhesively bonded FRP/steel joints in civil engineering applications. The 
state-of-the-art on durability aspects of FRP composites, epoxy adhesives and FRP/steel 
bonded joints in bridge applications were reviewed, and presented in Paper I. From this 
review, hygrothermal ageing (combination of moisture and temperature) was identified as 
the most influential factor on long-term performance of bonded joints in steel structures. 
In addition, a direct correlation between moisture content and mechanical degradation was 
identified. The literature review provided a framework to investigate the areas that remain 
unclear and need further research. Subsequently, a methodology including both experi-
mental and numerical approaches was developed. 
From the literature review, it was found that the failure mode of bonded joints generally 
changes after ageing. To accurately analyse the behaviour of joints with varying failure 
mode, cohesive zone modelling (CZM) was used. The CZM approach was found to be able 
to accurately predict the behaviour of FRP/steel joints used in bridges with interfacial, 
cohesive, and combined interfacial/cohesive failure modes. The distribution of crack paths 
in joints with more than one adhesive bond was found to significantly affect the post-
fracture behaviour and ultimate strength of the joints. Moreover, it was suggested to take 
account of adhesive layer thickness in the derivation of cohesive-law parameters for the 
adhesive. 
The effect of moisture on FRP/steel bonded joints was investigated by, firstly, character-
izing the moisture diffusion into epoxy adhesive, GFRP, and CFRP materials that are used 
in bridge applications. This was achieved by conducting gravimetric measurements on spec-
imens exposed to five ageing conditions. These conditions were designed to address the 
effects of temperature, humidity level, and de-icing salt solutions. It was found that the 
classical Fickian diffusion equation generally gives a good fit to the experimental results. 
For the epoxy adhesive specimens, the moisture diffusion rate was found to be a function 
of temperature, whereas the saturation content was governed by the humidity level or 
solution type. Furthermore, fast curing of the adhesive was found to have no significant 
effect on diffusion properties of fully cured epoxy specimens. Cyclic exposure of adhesive 
specimens to wet/dry conditions revealed a subtle raise in the moisture saturation content 
as the exposure cycles increased. 
Due to the orthotropic structure of the GFRP material, its three-dimensional diffusion 
parameters were characterized by obtaining separate diffusion properties in each direction. 
Very similar diffusion behaviour was observed in all three directions irrespective of the 
ageing condition. The moisture saturation content of all the tested GFRP specimens was 
found to be strongly dependent on the humidity level; ca. 5% for immersion scenarios vs. 
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0.2% for the high relative humidity condition. Unlike the GFRP specimens, very slow mois-
ture diffusion rate was observed for the CFRP material. Not only were none of the exposed 
gravimetric CFRP specimens saturated after one year, but also the absorbed moisture was 
found to be comparably negligible. Hence, the CFRP material was found to be almost 
impermeable. 
The effect of moisture on mechanical properties of adhesive, as the weak link in bonded 
joints, was investigated by testing dog-bone specimens. The elastic modulus and tensile 
strength were found to decrease linearly with increasing moisture content. The reduction 
was more severe for the case of distilled water compared with salt water exposure condi-
tions. The strain at failure was found to increase for immersed specimens, while it slightly 
decreased for those exposed to high relative humidity conditions. 
The characterized moisture diffusion as well as moisture dependent mechanical properties 
of the FRP and adhesive materials were implemented in a coupled diffusion-mechanical FE 
model. This model was used to investigate the effects of moisture on load transfer mecha-
nisms and stress distribution in adhesively bonded FRP/steel DLS joints. From the analyses 
results, including the adherends permeability was found to be crucial in moisture ingression 
analysis of bonded composite joints. In addition, simple Fickian was shown to be more 
time-efficient than the dual-Fickian model for joints with low adherent permeability. Due 
to the plasticized epoxy adhesive at the stress concentration zones, the peak stresses de-
creased continuously with increasing exposure duration. The anchorage length, on the other 
hand, was extended as the exposure continued. 
From the tests on DLS joints after one year of hygrothermal exposure, the failure mode 
was found to change from cohesive failure in the adhesive layer to interfacial or interlaminar 
failure, or a combination of both. For all the exposure scenarios, an initial increase in the 
load-bearing capacity was observed during the first six months. However, the failure load 
of specimens aged at 45 °C reduced by 9% and 25% after immersion for one year in distilled 
and salt water, respectively. It is anticipated that the presence of moisture at the interface 
of steel/adhesive for a critical time can cause localized interfacial damage even at low mois-
ture concentrations. However, at shorter exposure durations, moisture has a beneficial effect 
on the strength of the joint. Although negligible, ageing seemed to increase the stiffness of 
the joints. The stiffness gain was found to be more pronounced at load levels close to crack 
initiation.   
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9.2 Suggestions for future research 
The following steps are suggested for the future research: 
 Qualitative and quantitative characterization of the degradation of fracture proper-
ties of adhesive/steel interface and interlaminar fracture of FRP composites in the 
presence of moisture. 
 Identification of the damage mechanisms and degradation level of bonded joint ex-
posed to cyclic exposure conditions.   
 Comparison of the degradation of FRP/steel bonded joints exposed to sub-zero and 
freeze/thaw cycles with and without moisture content. 
 Implementation of the moisture dependent fracture properties of different compo-
nents of FRP/steel bonded joints in the developed coupled FE model. 
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